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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.

For manuscripts concerning experimental research on
humans, a statement should be included that shows the
written informed consent of patients and volunteers was
obtained following a detailed explanation of the proce-
dures that they may undergo. Information on patient con-
sent, the name of the ethics committee, 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.

European Journal of Biology requires experimental re-
search studies on vertebrates or any regulated inverte-
brates to comply with relevant institutional, national and/or
international guidelines. The journal supports the princi-
ples of Basel Declaration (basel-declaration.org) and the
guidelines published by International Council for Labo-
ratory Animal Science (ICLAS) (iclas.org). Authors are
advised to clearly state their compliance with relevant
guidelines.

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.

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).
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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; AN

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

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

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

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

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

European Journal of Biology requires and encourages
the authors and the individuals involved in the evaluation
process of submitted manuscripts to disclose any exist-
ing or potential conflicts of interests, including financial,
consultant, and institutional, that might lead to potential
bias or a conflict of interest. Any financial grants or other
supports received for a submitted study from individuals
or institutions should be disclosed to the Editorial Board.
To disclose a potential conflict of interest, the ICMIJE
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 ICMIJE 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
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
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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,

e 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.

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
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manuscript that is being commented on must be properly
cited within this manuscript.

Tables

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

Figures and Figure Legends

Figures, graphics, and photographs should be submitted
as separate files (in TIFF or JPEG format with 1200 dpi
for graphic and 600 dpi for colour images) through the
submission system. The files should not be embedded in
a Word document or the main document. When there are
figure subunits, the subunits should be labeled merged to
form a single image. Each subunit should be submitted
separately through the submission system. Images should
be labeled (a, b, c, etc.) to indicate figure subunits.

Thick and thin arrows, arrowheads, stars, asterisks, and
similar marks can be used on the images to support fig-
ure legends. Like the rest of the submission, the figures
too should be blind. Any information within the images
that may indicate an individual or institution should be
blinded. The minimum resolution of each submitted fig-
ure should be 300 DPI. To prevent delays in the evaluation
process, all submitted figures should be clear in resolution
and large in size (minimum dimensions: 100 x 100 mm).
Figure legends should be listed at the end of the main
document.

All acronyms and abbreviations used in the manuscript
should be defined at first use, both in the abstract and
in the main text. The abbreviation should be provided in
parentheses following the definition.

When a drug, chemical, product, hardware, or software
program is mentioned within the main text, product infor-
mation, including the name of the product, the producer of
the product, and city and the country of the company (in-
cluding the state if in USA), should be provided in paren-
theses in the following format: “Discovery St PET/CT
scanner (General Electric, Milwaukee, WI, USA)”

All references, tables, and figures should be referred
to within the main text, and they should be numbered
consecutively in the order they are referred to within the
main text.

Limitations, drawbacks, and the shortcomings of origi-
nal articles should be mentioned in the Discussion section
before the conclusion paragraph.

References

European Journal of Biology uses the AMA citation
style. In the paper, you are writing, materials are cited
using superscript numerals. The first reference used in a
written document is listed as 1 in the reference list, and
a 1 is inserted into the document immediately next to the
fact, concept, or quotation being cited. If the same refer-
ence is used multiple times in one document, use the same
number to refer to it throughout the document.

Example:

Finding treatments for breast cancer is a major goal for
scientists.!*> Some classes of drugs show more promise
than others. Gradishar evaluated taxanes as a class.® Other
scientists have investigated individual drugs within this
class, including Andre and Zielinski?> and Joensuu and
Gligorov.* Mita et al’s investigation of cabazitaxel 5 seems
to indicate a new role for this class of drugs.

While citing publications, preference should be given
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RESEARCH ARTICLE

Investigation of Anti-Mycobacterial Activity of Orientin and Vitexin on the
Six Mycobacterium tuberculosis Strains

Tulin Askun!

1University of Balikesir, Faculty of Sciences and Arts, Department of Biology, Balikesir, Turkiye

ABSTRACT

Objective: Tuberculosis is an infectious disease caused by Mycobacterium tuberculosis, which causes disease in all organs, 80% of
which are in the lungs, and can sometimes spread to other organs. It can lead to death in untreated or inadequately treated patients.
Treatment of tuberculosis is very difficult due to the resistance of mycobacteria to many chemicals and disinfectants, antibiotics,
and chemotherapeutics, especially in immunocompromised patients (HIV, Human Immunodeficiency Virus); this disease is very
common. Therefore, in recent years, the search for new drugs to be used to treat tuberculosis has increased worldwide. We aim to
determine the effect of orientin and vitexin on M. tuberculosis strains.

Materials and Methods: In this study, the effects of orientin and vitexin against M. tuberculosis standard strains (M. tuberculosis
H37Ra and M. tuberculosis H37Rv) and six-clinical M. tuberculosis strains. The inoculum was prepared using a positive BACTEC
“Mycobacteria Growth Indicator Tube” containing 7H9 Broth. Microplate Presto Blue Method and rifampicin were used as
standard antibiotics in the anti-mycobacterial assay.

Results: Orientin and vitexin showed a mycobactericidal effect on tuberculosis strains depending on the concentration. Orientin
and vitexin have not been tested on current clinical strains of M. tuberculosis before. In this respect, it is the first report describing
the anti-mycobacterial activity of both orientin and vitexin.

Conclusion: These results indicate that orientin and vitexin may be helpful for further investigations into their role in inhibiting
M. tuberculosis. They have a possibility of new anti-mycobacterial drug candidates in the near future.

Keywords: Mycobacterium tuberculosis, orientin, vitexin, anti-mycobacterial activity, MIC, MBC.

INTRODUCTION Resistance to rifampicin (RR-TB) burden, 450,000 new cases
of rifampicin resistance were detected between 2020 and 2021.
Especially, between 2019 and 2020, there was a decrease in the
number of people treated for RR-TB* and multidrug-resistant
TB (MDR-TB) due to the COVID-19 outbreak.” Nowadays,
drug-resistant TB remains a public health threat. RR-TB, the
most effective first-line drug, is a cause for concern. Resistance
to rifampicin and isoniazid is defined as MDR-TB. Both RR-
TB and MDR-TB require treatment with second-line drugs.
Globally, the estimated number of people who develop MDR-
TB or RR-TB each year was relatively stable between 2015 and
2020 but increased in 2021. According to The World Health
Organization (WHO) 2022 Global Tuberculosis Report, it is
stated that the reason for this increase is the negative impact

Tuberculosis (TB) is a chronic bacterial disease caused by a
bacterium called Mycobacterium tuberculosis (MT), which can
primarily attack the lungs and affect other organs. The bacteria
that cause tuberculosis are spread from one person to another
through tiny droplets released into the air through coughing
and sneezing. TB is one of the top 10 causes of death world-
wide. In 2016, 10.4 million people contracted the disease and
1.7 million died from the disease (including 0.4 million peo-
ple with HIV). Over 95% of TB deaths occur in low- and
middle-income countries.! In 2019, there were 1.2 million TB
deaths among HIV-negative people and an additional 209,000
TB deaths among HIV-positive people. There has been an in-

crease in tuberculosis deaths in poor countries where access to
tuberculosis diagnosis and treatment has decreased.” In 2021,
the burden of drug-resistant TB was estimated to increase to
450,000 new cases of rifampicin-resistant-TB.3

of the COVID-19 pandemic on TB detection. Added to this is
the decline in global spending on essential TB services, and
economic and financial barriers to access to health care to
diagnose and treat TB.!
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Orientin  (Cy;Hp0O;;) is a water-soluble flavonoid
synonymously known as -p-D-Glucopyranosyl-3,4,5,7 -
tetrahydroxyflavone, Luteolin  8-C-fB-D-glucopyranoside,
Luteolin-8-glucoside or Lutexin (Figure 1A). Its molecular
formula is Cy1Hp9O1; and its molecular weight is 448.3769
g/mol.® Vitexin is a water-soluble flavonoid (Figure 1B). Its
molecular formula is C,;Hp9O1¢ and its molecular weight is
432.381 g/mol.”

Orientin, is a flavonoid component, has been isolated
from many medicinal plants. Among them, Ocimum sanctum,
Trollius chinensis, Phyllostachys pubescens,® and Passiflora
incarnate.” The properties of orientin have only just begun
to be studied. Li et al.® investigated the effects of orientin on
cardiac tissue remodelling after myocardial infarction and de-
termined that orientin supplementation reduced oxidative stress
in cardiac tissue and cardiomyocytes exposed to hypoxia. They
also reported that orientin treatment increased hypoxia-induced
neonatal rat cardiomyocyte apoptosis and cell viability in ani-
mal experiments. Endothelial nitric oxide synthase (eNOS sig-
nalling) regulates blood pressure via vascular smooth muscle
contraction'® and blood vessel vasodilation.!! It was suggest
that orientin is a promising neuroprotective agent suitable for
the treatment of neuropathic pain.'?!3 Using Western blot anal-
ysis in their research, they showed that the Toll-like receptor
mediates inhibition of the nuclear factor kappa-B signaling
pathway. Orientin has been observed to protect heart and car-
diomyocyte damage by regulating autophagy.'4~16

In addition, orientin was also shown to inhibit the expres-
sion of matrix metalloproteinase-9 and interleukin-8. Ori-
entin inhibits migratory and invasive responses by suppressing
metalloproteinase-9 and interleukin-8 expression. Kim et al.!”
suggested that orientin inhibits tumour invasion and is applica-
ble as a possible therapeutic agent for the treatment of cancer
metastasis. Orientin, a C-glycosyl dietary flavone abundantly
found in Rooibos tea and passion fruit, has received great at-
tention for its multiple pharmacological potentials. Thangaraj
et al.'® investigated the antiproliferative and anti-inflammatory
effects of orientin in rats with 1,2-dimethyl hydrazine (DMH)-
induced colorectal cancer. In this study, they showed that ori-
entin inhibited the overexpression of inflammatory cytokines
induced by 1,2-dimethyl hydrazine, thus revealing its anti-
proliferative and anti-inflammatory potentials.

Various plants have also been used to isolate orientin. Of
these, Trollius chinensis is known as the “Golden Queen”.g’19
Regarding other biological activities, Yoo et al.?’ reported their
anti-oxidant, anti-viral, anti-inflammatory activities to Wang et
al.?!, and Xiao et al.?? investigated their anti-glycation, anti-
cancer and anti-thrombus activities.

Chen at al.? developed the ultrasonic circulatory extraction
(UCE) approach for the effective removal of orientin and vitexin
from flowers of T. chinensis and investigated some parameters
that potentially affect the yield of orientin and vitexin.

Askun, Mycobacterial Activity of Orientin and Vitexin

The flowers of T. chinensis are a rich source of flavone-C-
glycosides such as orientin and vitexin, and the most abundant
bioactive flavonoid among flowers is orientin.?>>* There are
also various plants in which the orientin is determined. Arugula
plant, Eruca sativa Mill, which is widely used to treat various
diseases as a component of salads, as well as a folk remedy.
Among the (Brassicaceae) flavonoids, orientin was found to be
the main compound.?

Achillea species, one of the medicinal plants with many ac-
tivities and used since ancient times, Achillea nobilis L. subsp.
neilreichii orientin and vitexin were found in studies on ethyl
acetate and ethanol extracts.20

Vitexin is, also known as apigenin flavone glycoside,’ present
in many plants and plant parts such as fruits mung beans
trees and seeds, bamboo,?” Crataegus pinnatifida,”® pigeon-
pea leaves (Cajanus cajan),”® and Passiflora cristalina.>°

Some glycosylated flavonoids have a direct bond between the
sugar and the anomeric carbon (O-C bond), while others, such
as vitexin, have a sugar bond at C6 or C8 (C-C bond).3! Vitexin
and isovitexin are active ingredients in many traditional Chi-
nese medicines. Vitexin (apigenin-8-C-glucoside) is receiving
increasing attention due to its neuroprotective effects,>? anti-
inflammatory, antihypertensive,?® anti-oxidant, anti-cancer,?’
and anti-tumor and anti-angiogenesis effects against cervical
cancer cells.>3 Bhat et al.3* reported that vitexin proved to be
an effective inhibitor of hypoxia-inducible factor 1a (HIF-1a)
in chondrocytes during osteoarthritis. New research suggests
that vitexin may be potential alternative medicines or ancillary
health products that can be used in various diseases.

In this study, we investigated the efficacy of orientin and vi-
texin against tuberculosis, which is one of the leading causes of
death worldwide until the coronavirus (COVID-19) pandemic
and is on top of human immunodeficiency virus/ acquired im-
munodeficiency syndrome (HIV/AIDS) caused by a single in-
fectious agent.

Kim et al.d studied seven flavonoids and showed that vitexin

and orientin inhibited triglyceride accumulation the highest
(approximately 40% and 33% at 100 pm respectively). They
reported that other flavonoids (luteolin, chrysoeriol, cosmosin,
apigenin, and luteolin-7-O-f-D-glucoside) showed lower levels
of inhibition.

Drug-resistant TB remains a public health threat over the
world. In this study, our aim is to investigate the effective-
ness of orientin and vitexin against the tuberculosis agent
M. tuberculosis, which is very difficult to treat due to its re-
sistance to many chemicals, disinfectants, chemotherapeutics
and antibiotics.
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Figure 1. Chemical structure of orientin (A) and vitexin (B).

MATERIALS AND METHODS

Preparation of the Samples, Solutions, Microorganism and
Inoculum Anti-Mycobacterial Assay

The compounds, orientin, (Sigma-Aldrich 55736) and vitexin
(Sigma-Aldrich 49513), were obtained from Sigma-Aldrich.
Ten mg were taken from the samples and dissolved in 0.5
ml dimethyl sulfoxide (DMSO). The stock solution concen-
tration was 20 mg/mL. All stock solutions were stored in a
deepfreeze at -20 °C. To prepare 10 mL (1280 pg/mL con-
centration) solution, 0.64 mL of stock solution was taken and
9.36 mL of DMSO was added. Therefore, the final solution
concentrations were 1280 pg/mL. The range of working solu-
tion concentrations in the wells was between 640-1.25 pg/mL.
The extracts were tested against avirulent MT H37Ra (MT-
Ra, ATCC 25177) and virulent MT H37 Rv (MT-Rv, ATCC
25618) from the American Type Culture Collection. Six other
strains (PS-1 to PS-6) were obtained from the Balikesir Chest
Diseases Hospital tuberculosis laboratory. Anti-mycobacterial
activity tests were performed in two series.

Aseptically added OADC (oleic acid, albumin, dextrose, and
catalase-0.5 mL) and PANTA (polymyxin-B, amphotericin-B,
nalidixic acid, trimethoprim, azlocillin-0.1 mL) antibiotic mix-
ture into the MGIT (Mycobacteria Growth Indicator Tube-4
mL), containing modified MGIT tubes were incubated at 37 °C.
Inoculum made from a positive BACTEC MGIT tube was used
one day after the tube became positive (Dayl) and up to the
fifth day (Day5). Dayl and Day?2 positives were used directly
for susceptibility testing, while Day3-DayS5 positives were di-
luted 1:5 (1 ml positive broth into 4 ml sterile saline) and used
for inoculum.?¢~3° MGIT (4 mL), containing modified Middle-
brook 7H9 Broth Base (MBB) was used to grow the strains at
37 °C. Blood agar was used for each test to control the growth
of suspicious bacteria other than MT. For this, the vials were

tested daily, starting from the second day of incubation, using
a MicroMGIT Fluorescent reader with long-wave UV light.

Minimum Inhibition Concentration (MIC) and Minimum
Bactericidal Concentration (MBC)

Determination of MIC for anti-mycobacterial assay, the mi-
crodilution method was achieved according to the CLSI, Sus-
ceptibility Testing of Mycobacteria, Nocardia, and Other Aer-
obic Actinomycetes guidelines.** The medium in MGIT tubes
prepared as mentioned above was put into each well (100pL),
and a sample (100 pL) at the concentration of 1280 pg/mL
was added to the first well only. The volume of the first tube
is 200 pL (sample solution and medium), while the others are
100 pL (only medium). 100 pL volume of the solution is trans-
ferred from the first well to the second well, by mixing three
times with an automatic pipette. The volume of the first well is
halved, but the concentration remains the same. In the second
well, its volume doubled and its concentration was halved and
this procedure included the 10/ well.

After the solution in the first well was mixed three times with
an automatic pipette, the dilution was repeated from the first
row to the 10’ row. The experiments also included positive
and negative controls. Row 11 was positive and row 12 was the
negative control. A 15 pL of MT suspension as inoculum was
added to all wells except row 12. Then the tubes were incubated
at 37 °C. After the start day, the tubes were read daily. The
day for positive was 8-12 days for MT. Results were evaluated
using Presto Blue, a non-toxic, resazurin-based solution, that
indicator which is a cell viability indicator. Metabolically active
cells as pink and inhibited cells as blue were observed. For MBC
determination, the inoculum was taken from the MIC wells and
higher concentration wells and then added to wells containing
fresh and sterile 7H9 medium. The plates were incubated at 37
°C. Colour change in positive and negative control wells was
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Table 1. The MIC and MBC values of orientin (pg/mL).

Anti-mycobacterial activity (ug/mL) of Orientin

r M

O r M

Figure 2. Anti-mycobacterial activity of orientin (pg/mL).

checked with Presto blue indicator. The lowest concentration
without bacterial growth was accepted as MBC.

RESULTS

Orientin and vitexin stock solution and working solution (1280
pg/mL) were prepared. The concentration ranges from well-
plate 1 to well 10 were adjusted as 640-1.25 ng/mL by se-
rial dilution. Eight bacteria were used the determine the anti-
mycobacterial activity of orientin and vitexin. Two of them
were MT-Ra and MT-Rv standard bacteria, and the six clinical
MT patient strains, (PS-1, PS-2, PS-3, PS-4, PS-5, and PS-6)
were used as test organisms for MIC and MBC tests.

In our assays, the lowest MIC values determined for orientin

were found against MT-Ra, PS-1, and PS-2 (MICs value were
160 pg/mL), and the MBCs were 640, 160, and 160 pg/mL,
respectively. PS-1 and PS-2 showed the minimum MBC values.
They have the same MIC and MBC values. On the other hand,
the highest MIC and MBC value determined was PS-4 at 640
pg/mL. On the other hand, the highest MIC and MBC value
determined PS-4 as 640 pg/mL. Depending on the concentra-
tion, orientin showed a mycobactericidal effect on tuberculosis
strains (Table 1, Figure 2).

The lowest MIC values determined for vitexin were found
against MT-Ra, MT-Rv, PS-1, and PS-2 (MIC values were 80
pg/mL). The MBCs were 320, 320, 80, and 160 pg/mL, respec-
tively. MIC values obtained for vitexin were lower than that of
orientin. The lowest MIC values of 80 pg/mL were observed in
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Anti-mycobacterial activity of Vitexin (ug/mL) on
standard strains and patient strains.

Viteksin MIC

MT-Ra MT-Rv PS-1

Viteksin MBC

Figure 3. Anti-mycobacterial activity of vitexin (pg/mL).

Comparative Anti-Mycobacterial Activity of
Orientin and Vitexin (ug/mL)
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Figure 4. The comparative anti-mycobacterial activity of orientin and vitexin (pg/mL).

MT-Ra, MT-Rv, PS-1, and PS-2. While the MBC value for PS-1
was the same as the MIC value, the MBCs were 160 pg/mL for
PS-2 and 320 pg/mL for MT-Ra and MT-Rv. Also, the highest
MBC was found at PS-3 (MBC>640 pg/mL). The effects of
vitexin on microorganisms are given in Table 1, Figure 3.

The comparative anti-mycobacterial activity of orientin and
vitexin (pg/mL) is given in Figure 4. We found vitexin is more
effective against Mycobacteria at lower concentrations than ori-
entin.

DISCUSSION

There are no studies on the effects of orientin and vitexin
on TB patient strains. Therefore, the antimycobacterial ef-
fect on patient strains is of great importance in terms of
the potential drug substance. As a result of our research,
we found that both orientin and vitexin (excluding PS-4,
MBC>640 pg/mL) were highly effective against MT strains
and showed mycobactericidal activity. When comparing the
anti-mycobacterial activity (pg/mL) of orientin versus vitexin,




we determined that flavonoids vitexin was more effective at
lower concentrations than orientin. Rifampicin, also recognized
as rifampin, has a bactericidal effect on both extracellular and
intracellular on Mycobacteria. We preferred to use rifampicin
as the standard substance (antibiotic) because of its below-
mentioned properties and because it is the most potent first-
line anti-tuberculosis drug. It inhibits the RNA polymerase
enzyme of Mycobacteria.*! Rifampicin is a broad-spectrum
semi-synthetic antibiotic obtained by fermentation of Nocardia
mediterranei. It is an antimycobacterial agent that is effective
at low concentrations against Mycobacteria.*>~%3 Rifampicin
stops bacterial growth by inhibiting RNA synthesis. The sen-
sitivity of RNA polymerase is in good agreement with MIC
values in Gram-positive bacteria. The higher MIC values ob-
served in Gram-negative bacteria are due to less penetration of
rifampicin into the outer membrane of these organisms.** The
development of resistance is slower than in other bacteria. It
has been shown to have the longest post-antibiotic effect.*’

A study in the literature investigating the effect of orientin
and isoorientin on macrophage cells was performed by Je-
sus et al.** In this study, the effects of orientin and isoori-
entin obtained in Vitex polygamma dichloromethane fraction
on macrophage cells were examined. In their research, they in-
vestigated the antimycobacterial effect of orientin against the
intracellular and extracellular growth of MT- H37Rv. In con-
clusion, they reported that it was able to reduce the growth
of virulent MT-H37Rv and hypervirulent MT-M299. Besides,
orientin presented a higher antimycobacterial activity. The anti-
mycobacterial activity results of orientin on patient strains and
standard strains in our study are in line with the results of Jesus
et al.*® They stated that the position of the C-glycosylation of
the luteolin A-ring of orientin was effective in the action against
Mycobacterium. Apart from Jesus et al.*® there is no reported
article on the antimycobacterial activity of orientin and vitexin
in the literature. The effect of orientin and vitexin has not been
tested on patient strains before. Therefore, our study is unique
and fills the gap in this field.

Adamczak et al*’ reported moderate antibac-
terial  activities of orientin and vitexin  against
Staphylococcus aureus, Enterococcus faecalis, Escherichia coli
and Pseudomonas aeruginosa (MIC 500-1000 pg/mL). In this
respect, MIC values and tested concentrations for the bacteria
mentioned above are consistent with our results.

Song et al.*® stated that the main antibacterial mechanisms
of these flavonoids from Trollius chinensis Bunge due to the
components (4’-methoxy-2"-O-(2-methylbutyryl) and 2-O-(3-
methoxycaffeoyl) for vitexin and the component of 4’-methoxy-
2"-O-(2-methylbutyryl) for orientin. They noted that the an-
tibacterial mechanism of these components is through binding
to DNA.#8

Coumarins are also known to have moderate activity against
M. tuberculosis and this activity is attributed to prenyl at the
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C-8 position.*” However, the antimycobacterial activities of C-
glycoside flavonoids (orientin and vitexin) on patient strains
have not been studied.

In our study, the antimycobacterial activities of orientin and
vitexin were tested on reference strains and patient strains.
When the anti-mycobacterial activity of orientin and vitexin
was compared, it was found that vitexin showed higher activity
than orientin on MT strains. To the best of our knowledge, this
study is the first report describing the anti-mycobacterial ac-
tivity of orientin and vitexin against strains obtained from MT
patients. However, more detailed studies are needed in areas
such as pharmacology, toxicology, drug development, pharma-
cokinetics, pharmaceutical chemistry, drug release and clinic
in order to use vitexin as a potential active drug substance.
The fact that these above-mentioned stages have not yet been
carried out creates a limitation in terms of demonstrating the
effectiveness of orientin and vitexin.

CONCLUSION

Orientin and vitexin are bioactive compounds that can be
isolated from medicinal plants and are promising flavonoids,
which inhibit current strains of M. tuberculosis. Orientin and
vitexin, rich sources of flavone-C-glycosides and the most abun-
dant bioactive flavonoids among flowers, can potentially be
promising compounds for further studies to treat MDR-TB.
However, these studies require a lot of time, labour, and re-
sources. Studies on some of their biological properties are re-
ported. However, there is a need for a better understanding of
pathways and mechanisms of action for vitexin and orientin to
develop highly effective drugs with fewer side effects.
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ABSTRACT

Objective: : Propolis has been found to have various effects, including antioxidant and anti-inflammatory properties, according
to studies. In this recent research, we discovered that reducing allergenic compounds in propolis through biotransformation
using specific Lactobacillus plantarum strains enhanced its anti-inflammatory qualities. The study aimed to identify the extraction
methods and solvents that had the most significant anti-inflammatory effects and assess how L. plantarum strains biotransformation
of propolis affected these qualities in THP-1 cell line cultures.

Materials and Methods: Propolis samples were biotransformed with different concentrations (1.5%, 2.5%, 3.5%) of several L.
plantarum strains (ISLG-2, ATCC®8014, visbyvac) before extraction using various solvents (ethanol, polyethylene glycol-PEG,
water) and ultrasound treatments (300 W/40 Hz for 5, 10, 15 min). Liquid chromatography-mass spectrometer/mass spectrometry
was used for phenolic analysis of the samples. ELISA test kits were employed to assess NF-kf, IL-1a, IL-1f, IL-6, IL-10, TNF-a,
IFN-v , COX-1 in the cell culture supernatant.

Results: : Results showed that, except for NF-kf, all cytokine levels decreased in four separate propolis samples. Caffeic acid,
kaempferol, ferulic acid, quercetin, pelargonin, and naringenin were the key physiologically active components associated with
the anti-inflammatory activity of propolis. The biotransformation process to reduce allergen compounds did not alter propolis’s
anti-inflammatory properties.

Conclusion: In samples that were dissolved in water, dissolved in ethanol+biotransformed with L. plantarum ATCC®8014, dis-
solved in water+biotransformed with L. plantarum ATCC®8014, and dissolved in water+sonicated for 15 min and biotransformed
with L. plantarum ATCC®8014, the maximum anti-inflammatory effect of propolis was assessed.

Keywords: LPS, inflammation, propolis, biotransformation, extraction

INTRODUCTION cretion of inflammatory cytokines, reactive oxygen species,

and nitric oxide enzymes."*> During the inflammatory pro-
The inflammatory process is expressed with the migration  ceqq proinflammatory cytokines, such as interleukin (IL)-6,
of phagocytes, accumulation of neutrophils, monocytes, and 11 1 and tumor necrosis factor-alpha (TNF-a) were released
macrophages, and, subsequently, loss of tissue function. At the by M1 macrophages 3 M2 phenotype produces regulatory cy-
beginning of the inflammatory process, macrophages are acti-  (okines (such as IL-10) and get involved in tissue repair and
vated by different stimuli, such as cytokines from T and natural regeneration. While the inflammatory process is protective

killer cells, and lipopolysaccharides (LPS) from G-negative  ,q5inst pathogens, the resulting inflammatory activity can also

. l . . . .
bact'erla cell wall.” Upon activation, macrpphages differenti-  onribute to the development of various diseases, including
fite into two phenotypes. .Classmal activation by LPS results ., diovascular diseases, diabetes, arthritis, and inflammatory
in the M1 phenotype, which is involved in phagocytosis, se-  powel disease.’
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Honeybees create propolis as a means of safeguarding their
hives against bacterial, viral, and fungal invasions. Propolis
contains over 300 active components.® Many active molecules
such as flavonoids, flavones, flavanones, and flavonols have
been identified in propolis. Some molecules from these
groups have anti-cancer, anti-oxidant and anti-inflammatory
effects.®~10 It was observed that the anti-inflammatory effect of
propolis in cell culture is closely associated with its phenolic
content and solvation methods. '+10-12

As an alternative, it has been noted that about 10% of people
have propolis sensitivity.'!-!3 Caffeic acid esters, 1,1-dimethyl
allyl caffeic acid ester (DMEA), benzyl caffeates, geranyl caf-
feate, similar compounds, and cinnamic acid esters are among
the main allergens in propolis.!'~1¢ 1,1-dimethylallyl caffeic
acid ester and its isomers make up the majority of the propo-
lis (87%) and are the most prevalent molecules. 63% of these
isomers were shown to be connected to DMEA.!" Caffeic acid
phenethyl esters (phenethyl caffeate; CAPE), a second aller-
gen molecule, exhibit allergic effects comparable to those of
DMEA."

It was stated that the less allergenic propolis form might
be produced by biotransformation and using lactic acid bacte-
ria. Previous research has demonstrated that specific strains of
Lactobacillus helveticus and Lactobacillus plantarum with cin-
namoyl esterase activity can reduce the allergenic molecules in
propolis (Patent No: TR2015 16914B, dated 2018/07/23).'6-17
It was proven that employing L. plantarum to properly ex-
tract and biotransform propolis lowered the concentration
of allergenic compounds, specifically DMEA and CAPE
molecules.'®1?

Our aim in this study was to identify the extraction methods
and solvents that had the largest anti-inflammatory effects, as
well as to assess how L. plantarum strains biotransformation
of propolis in the human monocyte cell line (THP-1 cells) cul-
ture affected those anti-inflammatory qualities. In this research,
THP-1 cells were used as an inflammatory model, which was
induced by LPS. The main inflammatory cytokine levels were
measured in the supernatant of cell culture to detect possi-
ble protective effects of propolis. The relationships between
the propolis extracted by different solvents/extraction methods
and biotransformed by different L. plantarum strains and anti-
inflammatory activity were evaluated.

MATERIALS AND METHODS
Propolis Sample Preparation

We sourced the propolis from a local Turkish company as raw
material. The samples were taken in July from the Sarkikaraa-
gac neighborhood of Isparta city, which is located in Turkey’s
Mediterranean region (coordinates: 38.8040 N, 3182100 E).

To remove unwanted rough particles, the samples underwent
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amilling process using conventional machines at the beginning
of the experiments. Particle size was determined as 35 mesh
(0.5 mm) using sieve analysis. After this physical treatment, the
treated samples were mixed in order to homogenize them.

Biotransformation was carried out using different
L. plantarum strains (ISLG-2, ATCC®8014 and Visbyvac) at
different concentrations (1.5%, 2.5%, and 3.5%). All lactic acid
bacteria were taken from stock culture collections (Ege Univer-
sity Food Engineering Department, Prof. Dr. Hatice Kalkan
Yildirim collection) stored at —80°C and containing 20% glyc-
erol.

The frozen cultures were reactivated by growing at MRS
broth containing media (9 mL MRS broth/10 mL tubes). The
prepared media was sterilized at 121°C for 15 min. After allow-
ing the media to cool up to room temperature, the inoculation
was done aseptically. The prepared double samples were incu-
bated at 30°C for 24 h. In order to eliminate the effect of glyc-
erol solution used during storage at —80°C, the cultures were
grown, and the activation process was performed consecutively
two times. In such a way, the pure cultures were obtained for
the next step of inoculation used during biotransformation.'

Before bioconversion, the propolis samples (w/v:1/1) were
subjected by to various solvents or exaction methods. During
the experiment, the extraction solvents were treated with 10%
ethanol, 40% polyethylene glycol (PEG), and water. Another
solvation method that was applied was ultrasound treatment
(40 Hz and 300 W) for 5, 10, and 15 min.

The choice of water as a solvent was for control purposes.
The upper values of ultrasonication treatment time (15 min)
were determined by a preliminary study (5, 10, 15, 20, 30 min
with propolis) (unpublished data). According to the study, in-
creasing the duration time more than 15 min led to heating of
food and consequently to possible loss of nutritional values, es-
pecially active phenolic molecules. Each extraction solvent and
method was applied in duplicate for each culture and inoculum
concentration. After aseptic inoculation of propolis samples
with pure culture at different concentrations (1.5%, 2.5%, and
3.5%), the incubation was carried out at anaerobic conditions
of 30 °C for 72 h.

Following the biotransformation process, the resulting bio-
products (biologically converted propolis) were treated with
70 mL of ethyl acetate and incubated at room temperature for
10 min. The mixture was then centrifuged at 1500 x g for 5
min. The solid particles were separated from the mixture and
another 70 mL of ethyl acetate was added. The procedure was
repeated under similar conditions (centrifugation at 1500 x g
for 5 min). The solid extracts obtained were dried and dissolved
in 100 mL methanol. The supernatants obtained after the final
centrifugation at 4000 x g for 1 min were used for analyses. '’
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Analysis of Phenolic Content

A Waters Xevo ACQUITYTM TQD tandem quadrupole
UPLCMS/MS instrument was used to evaluate the phenolic
content of all propolis samples. This study was conducted with
reference to the method we previously applied.?’

Cell Culture Experiments

Cell culture experiments were conducted using the human
monocyte cell line THP-1, which was cultured in Roswell Park
Memorial Institute 1640 medium RPMI 1640) supplemented
with 10% heat-inactivated fetal bovine serum, and 100 unit/mL
penicillin, 100 pg/mL streptomycin at 37°C with 5% CO,. The
cells were seeded at a density of 4x10* cells/well in 96-well
plates and treated with propolis samples at concentrations rang-
ing from 25-1500 pg/mL for 24, 48, and 72 h. Propolis samples
were applied to these cells three times. The WST-8 assay was
used to assess cell viability and any potential cytotoxicity.

For this purpose, after the end of 24, 48, and 72 h, 10 pL of
water-soluble tetrazolium salt (WST) solution was added into
the suspension containing 100 pL of cells and propolis. Then,
absorbance values were measured at 450 nm with a reference
wavelength at 620 nm using a microplate reader between 30 min
and 4 h. In line with the results obtained by the WST-8 assay, the
dose-effect graphs were drawn and ICsq values were calculated
using CalcuSyn v2.1 software. In the experiments performed
in this study, the IC5p doses and the time interval determined in
the cytotoxicity study, were used. For the induction experiments
with LPS, the THP-1 cells were seeded into 24-well plates so
as to be 2x10° cells per well.

The propolis samples for which the ICs, values were deter-
mined in the previous cytotoxicity assay (as shown in Table 2)
were added to the cell culture and incubated for 1 h. Subse-
quently, 2000 ng/mL LPS was added to induce inflammation
following a previously established protocol.?! The aim of this
study was to examine the potential protective effect of propolis
against inflammation. To achieve this, these cells were treated
with propolis extract for 1 h, followed by the induction of in-
flammation by adding LPS at a concentration of 2000 ng/mL.
After 2 h incubation at 37°C, the supernatants were collected
and centrifuged at 2000 x g for 5 min to measure cytokine lev-
els. The experiment was performed independently three times
to ensure reproducibility and reliability of the results.

Biochemical Analysis

In order to determine the appropriate concentration and incuba-
tion time that will yield the highest induction, LPS samples in
different concentrations (0.1, 0.5, 1 and 2 pg/mL) were added
into THP-1 cells and the TNF-a levels were determined in
different time intervals (1, 2, 3, 4, 6, 18 and 24 h).22

Before induction with LPS, THP-1 cells were treated with
propolis in a dose which was previously determined. The LPS-
induced cell without propolis was used as the positive control
and THP-1 cells treated with PBS (without LPS) was used as
the negative control. After 24 h of incubation, the cell culture
medium was removed and fresh LPS-containing medium (2
ng/mL) was added for 2 h.

Nuclear factor kappa B (NF-kf) , IL-1a, IL-1f, IL-6, IL-
10, TNF-«, interferon-gamma (IFN-y) and cyclooxygenase
(COX)-1 assays in a supernatant of cell culture were performed
using a commercially available ELISA assay kit.

Statistical Analysis

Graphs of % cytotoxicity values in cell culture were plotted in
the Graphpad v5 program. The results were analyzed using a
two-way ANOVA test and a Bonferroni test as post test. ICs
values were calculated using CalcuSyn v2.0 (Biosoft) software.

The results were evaluated using the SPSS 22.0 statistical
program. Phenolic content quantification, in vitro antioxidant,
anti-inflammatory activity, and cytokine analysis tests were per-
formed at least 3 times for each propolis sample. Results were
calculated as mean and standard deviation. The least signifi-
cant differences (LSD) test was used for significance between
means. In addition, a Kruskall Wallis test was used for multiple
comparisons and an LSD test was used as a post hoc test.

Spearman’s Rho test was used for correlations between pa-
rameters.

RESULTS
Phenolic Content

Table 1 shows the quantities of phenolic compounds present in
the propolis extracts added to cell culture. In general, the propo-
lis extracts contained the highest amounts of trans-cinnamic
acid, followed by ferulic acid, kaempferol, and quercetin as de-
termined by the quantitative analysis of phenolic content. Ac-
cording to solvents, extracted amounts of phenolic molecules
including the allergens (DMEA cafteic acid, Caffeic acid phenyl
ester) were higher in extracts of propolis dissolved in water plus
treated with ultrasound for 10 to 15 min, compared to those
dissolved in other solvents. The biotransformation process de-
pleted the allergen molecule content in all samples.

Cell Viability

The ICsq levels of propolis extracts at 24, 48, and 72 h changed
between 166 pg/mL and 1012 pg/mL (Table 2). When propo-
lis samples dissolved in water (untransformed) and dissolved
in water and inoculated with 2.5% L. plantarum ATCC 8014
strain (transformed) were compared, significant differences
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Table 1. Phenolic compounds detected in propolis samples added to cell culture.

W- W- W- W- W- W- W-
Ethanol E+L2 PEG PEG+L2 Water W+L2 W+L3 US5+L2 US5+L2 US10  USID+L1 US10+L3 US15  USIS+L2

Added Prapolis 500.00  500.00 500.00 500.00  500.00 500.00 500.00 500.00 500.00  500.00 500.00 500.00  500.00 500.00
Ferulic acid ng/mL 3131 3507 752 659 77.62  8l1.66 2518 13871  58.53 110.65 60.99 18.44 122.10 5745
Caffeic add ng/mL 5.01 449 095 134 1035 15.64 3.99 18.60 6.94 1541  8.61 2.70 18.59 10.60
Kampherol ng/mL 1133 632 8.03 9.04 13.85 20.62 548 35.82 10.54 2633 11.63 3.54 26.84  12.04
Miricetine ng/mL 4.09 1.17 834 098 4.86 125  0.99 10.91 4.57 732 439 0.94 8.67  0.96
Trans-sinnamic acid ng/mL 299.63 0.00 84.15 0.00 144.21 137.96 9.72 1091.89 34.85 412.57 62.28 0.00 435.00 28.79
Ellagic acid ng/mL 6.25 0.89 10.64 7.19 4.08 17.08  0.00  22.56 4.84 1330 0.75 0.00 12.60 5.97
CAPE ng/mL 5.44 2.00 1.87 087 373  4.83 149 917 2.95 684 2.6l 1.45 692 270
DMEA ng/mL 1590 000  0.00 0.00 7.70 1562 0.00 4641 0.00 26.95 251 0.00 2728 0.14
Naringenin ng/mL 4.18 0.10  0.08 047 0.91 0.82 18.10 3129 17.60 14.10  0.00 26.11 8.62  0.80
Quercetine ng/mL 8.91 7.31 19.82 14.38 10.88  19.02 4.00 2641 10.15 17.19  9.69 2.54 2066  9.47
Rutin ng/mL 0.07 0.08 036 0.68 0.01 0.11 0.00 0.15 0.05 0.00 0.15 0.00 0.07 0.0l
4-Hydroxy Benzole acid 1.87 1.89 148 9.10 1.07 349 076  0.64 0.51 197 036 1.21 0.74 047
Salydlic add ng/mL 0.05 0.05 0.03  0.26 003 003 003 005 0.02 0.03  0.05 0.03 0.03  0.03
Gentlsic acid ng/mL 0.00 0.01 0.00  0.20 0.00 003 001 0.06 0.01 0.01 0.04 0.01 0.01 0.01
Procatechoic acid ng/mL 0.00 000  0.00 024 0.00 001 0.00  0.06 0.01 0.00  0.03 0.00 0.00  0.00
Paracoumaric acid ng/mL 0.00 0.00  0.00 0.00 006 242 000 251 0.00 1.62  0.18 0.00 1.65  0.00
Vanille Acid ng/mL 0.50 057 075 4.16 045 099 026 078 0.59 047 092 0.54 140 0.86
Chlorogenic Acid ng/mL 0.00 1.00 1.07 5431 1.04 1.I5 0.09 0.52 2.07 0.80  0.70 0.00 0.75  0.77

Propolis samples with a weight-to-volume ratio of 1:1 were treated with different Solutions, including ethanol {10%)=E. poly-ethylene glycol (40%)=PEG and water=w, and subjected to
ultrasonication= US at a frequency of 40 Hz (5, 10 and 15 min) for samples dissolved in water. Biotransformation was carried out using L. plantarum strains= L1 (ISLG-2), L2 (ATCC®8014), and

L3 (Visbyvac).

were found at concentrations of 250, 500, and 1500 pg/mL at 24
h, 250 and 500 pg/mL at 48 h, and 500 pg/mL at 72 h. When
water-dissolved propolis samples (untransformed) and water-
dissolved propolis samples (transformed) inoculated with 3.5%
L. plantarum visbyvac strain were compared at 24, 48, and 72 h,
the concentrations were 250-1500 g/mL, 250-500 g/mL, and
50-500 g/mL, respectively. Significant differences were discov-
ered when propolis samples inoculated with 2.5% L. plantarum
ATCC®8014 strain (transformed) and 3.5% L. plantarum vis-
byvac strain (transformed) dissolved in water were examined.
When 3.5% L. plantarum visbyvac strain-inoculated propolis
samples were compared, a significant difference was reported at
concentrations of 500 g/mL at 24 h, 100-500 g/mL at 48 h, and
50 g/mL at 72 h. At 24 h, the cytotoxic effect value of the propo-
lis sample inoculated with 3.5% L. plantarum visbyvac strain at
a concentration of 500 pg/mL was 2.59 times higher than that
of the sample inoculated with 2.5% L. plantarum ATCC®8014
strain. At 100 and 250 pg/mL concentrations, the propolis sam-
ple inoculated with 2.5% L. plantarum ATCC®8014 strain was
3.12 and 1.8 times more cytotoxic than the sample inoculated
with 3.5% L. plantarum visbyvac strain.

Anti-Inflammatory Effects of Propolis Extracts

In this study, allopurinol and gossypol were used as standard
molecules to investigate anti-inflammatory response. TNF-o
levels increased up to 20 times compared to control samples
upon administration of LPS. While IFN-y levels elevated 5
times compared to the controls, IL-1a, IL-1p, and IL-6 levels
showed elevation two times and more than those of the control
cells (p<0.01). IL-10 slightly increased (p<0.05), but NF-kf3
did not show any statistically significant change upon LPS in-

duction. None of the propolis samples affected NF-kf levels
(Figure 1).

As can be seen in the Figure 1, all propolis samples sig-
nificantly decreased TNF-« levels, in particular, propolis sam-
ples solvated in “water (W),” in “water + sonicated 15 min
(W+US15),” and in “water+sonicated 15 min+biotransformed
with L. plantarum ATCC®8014 (W+US15+L2)” returned
TNF-a to normal levels.

Four extract types (dissolved in water, in ethanol biotrans-
formed with L. plantarum ATCC®8014 (L2), in water bio-
transformed with L. plantarum ATCC®8014 and in “water
and sonicated for 15 min, biotransformed with L. plantarum
ATCC®8014) decreased all cytokine levels except NF-kf. Two
extract types dissolved in water and sonicated 15 min and in wa-
ter+sonicated for 10 min and biotransformed with L. plantarum
visbyvac (L3) decreased all cytokine levels except IL-6 and
NF-kp. Propolis samples dissolved in ethanol and biotrans-
formed with L. plantarum ATCC®8014, water and sonicated
for 15 min, biotransformed with L. plantarum ATCC®8014, in
water+ biotransformed with L. plantarum visbyvac and in wa-
ter+biotransformed with L. plantarum ATCC®8014 returned
IL-6 to normal levels (p<0.01; Figure 1)

Two extract types dissolved in PEG and biotransformed with
L. plantarum ATCC®8014 (L2) and in water and biotrans-
formed with L. plantarum visbyvac (L3) decreased all cytokine
levels except IL-1p and NF-kf (Figure 1).

While 3 extract types (dissolved in “ethanol (E),” in “water
+biotransformed with L. plantarum ATCC®8014 (W+L2),”
and in “water+sonicated for 10 min+biotransformed with L.
plantarum ISLG-2 (W+US10+L1)”) did not show any effect
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Table 2. The ICs levels of propolis on THP-1 cell line were determined at the 24th 4811 and 729 h. Biotransformation was
performed using L. plantarum strains, including L1 (ISLG-2), L2 (ATCC®8014) and L3 (Visbyvac).

on IL-10 levels, all other propolis samples decreased IL-10
levels.

While two extract types of propolis (dissolved in “PEG” and
in “water+sonicated 5 min”’) did not show any effect on IFN-y
levels, all other propolis samples decreased IFN-y levels.

Ferulic acid and caffeic acid content of propolis extracts were
inversely correlated with TNF-a levels (r=-0.479, p=0.001 and
r=-0.485, p=0.001, respectively) of LPS induced THP-1 cells.
The highest levels of ferulic acid and caffeic acid were found in
propolis samples dissolved in “water+sonicated 5/10/15 min”

3

and in propolis samples dissolved in “water+biotransformed

with L. plantarum ATCC®8014”.

COX-1 levels in LPS induced THP-1 cells were inversely
correlated with pelargonin (r=-0.734, p=0.003) and naringenin
(r=-0.483, p=0.08) levels in propolis samples.

NF-kp levels in the propolis-added THP-1 cells (with
LPS) were inversely correlated with ferulic acid (r=-0.295,
p=0.005), trans-cinnamic acid (r=-0.395, p=0.01), and CAPE
(r=-0.354, p=0.021). TNF-a levels showed negative correla-
tions with trans-cinnamic acid (r=-0.395, p=0.01), CAPE (r=-
0.415, p=0.006), kaempferol (r=-0.426, p=0.005), and DMEA




Durmaz et al., Anti-Inflammatory Effect of Propolis Extracts on THP-1 Cells

Figure 1. NF-k, IL-1a, IL-18, IL-6, IL-10, TNF-a, IFN-y, and COX-1 levels in supernatant of propolis-added THP-1 cells. (¥p<0.05 and **p<0.01) *Comparisons
were made versus only LPS-added cell-line. Propolis (w/v:1/1) were extracted with different solutions (ethanol (10%)=E, poly-ethylene glycol (40%)=PEG, and
water=w) and ultrasonication= US was applied at 40 Hz (5, 10, and 15 min) for samples that were dissolved in water. L. plantarum strains= L1, L2, L3 (ISLG-2,

ATCC®8014, and Visbyvac, respectively) were used for biotransformation.

caffeic acid (r=-0.338, p=0.029) levels. There is an inverse
correlation between IL-1a levels and ferulic acid (r=-0.428,
p=0.005), caffeic acid (r=-0.391, p=0.01), and CAPE (r=-0.349,
p=0.023) levels. In the present work, the first two principal com-
ponents with eigenvalues 7.1 and 2.5 accounted for 44.4% and
15.7% of the dataset. The first principal component (PC1) is
correlated positively with the phenols (kaempferol, DMEA-CA,
cafeic acid, CAPE, trans-cinnamic acid, ferulic acid, myricetin,
quercetin, and naringenin) and PC2 is correlated with TNF-a,
IFN-y, IL-6, IL1a, IL-1p, and COX-1.

As can be seen from Figure 2, kaempferol, DMEA-CA,
Cafeic acid, CAPE, trans-cinnamic acid, ferulic acid, myricetin,
quercetin, and naringenin are presented on the positive side of
Figure-2. TNF-a, IL-1a, IL-1p and NF-kf are on the left side of
the Figure 2. Similarly to our correlation analysis, PCA showed
that TNF-a, IL-1a, NF-kf, and IL-1f were inversely correlated
with ferulic acid, CAPE, DMEACA, cafeic acid, kaemferol, and
trans-cinnamic acid. It was also shown that IFN-y, COX-1, and
IL-6 were clustered in the same area and inversely correlated
with naringenin and pelargonium.
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Figure 2. PC1 and PC2 correlation between phenolic compounds of propolis and inflammation markers *The first Principal component (PC1) is correlated
positively with the phenols (kaempferol, DMEA-CA, cafeic acid, CAPE, trans-cinnamic acid, ferulic acid, miricetin, quercetin, and naringenin) and PC2 correlated

is correlated with TNF-«, IFN-v, IL-6, IL-1a, IL-1f, and COX-1.

DISCUSSION

When we evaluated the phenolic content, we observed
that phenolic content of propolis from lowest to high-
est are as follows: Water+US10min+L.plantarum visbyvac
< Ethanol+L.plantarum ATCC®8014 < Water+L.plantarum
visbyvac < PEG+L. plantarum ATCC®8014 < Wa-
ter+US15min+L.plantarum ATCC®8014. The highest phe-
nolic content was in W+US5min, W+US10min, and
W+US15min. Biologically transformed samples have had
slightly lower total phenolic content due to a decrease in caffeic
acid and DMEA by transformation process. Biologically trans-

formed samples have had slightly lower total phenolic content
due to a decrease in caffeic acid and DMEA by the transforma-
tion process.

Propolis is one the most studied natural compounds due
to its antioxidant, anti-inflammatory, and cytotoxic effects in
many cell lines.®!223=25 The authors observed that the phe-
nolic content, antioxidant, and anti-cancer effects of propolis
samples varied according to different factors including solvents
used, preliminary extraction process, and collected regions.?®
In this study, we investigated the effect of the solvation pro-
cedure and biotransformation on the anti-inflammatory effect




of propolis in THP-1 cells. Generally, extraction procedures,
i.e., solvents used, culture strains, and inoculum concentrations
of L. plantarum affect the extracted amount of phenolic con-
tent and its anti-inflammatory activity, which has been shown
by determining the levels of inflammatory cytokines in cell
supernatants.

The ICsq levels of propolis samples changed between 160
pg/mL and 1000 pg/mL in the 24 h. The THP-1 cell line
is commonly used as in vitro model in investigations on in-
flammatory processes.® It is well known that monocytes in a
lesion area differentiate into macrophages, which release in-
flammatory cytokines. In vitro studies showed that THP-1 cells
become activated by LPS and/or pro-inflammatory molecules.
Chanput et al. observed that LPS-induced THP-1 cells released
the cytokines such as IL-1f, IL-6, IL-8, IL-10, and TNF-«
associated with inflammation.??” THP-1 monocytes are trans-
formed to macrophages in response to LPS induction, which is
more effective than PMA induction.?’ It has been observed that
propolis-treated LPS-activated macrophages were polarized to
M1 phenotype, which has a role in producing pro-inflammatory
cytokines and mediators (TNF-f, IL-1p, IL-6, IL-8, and IL.-12)
for immune defense against microorganisms.!-> In accordance
with this data, elevation in different ratios of TNF-a, IL-1a, IL-
1P, and IL-6 levels upon induction with LPS were determined
in our study. All extracts of propolis decreased TNF-a levels to
normal levels. Bueno-Silva et al. showed that Brazilian Propo-
lis reduced the production of proinflammatory factors such as
NO, IL-12, IL-1p, and GM-CSF, compared to only LPS-treated
control macrophages.?®

We observed a negative correlation between the TNF-a levels
in cell line and the caffeic acid and ferulic acid content of propo-
lis. Touzani et al. showed that propolis in a similar dose (250
pg/mL) to our study inhibited the TNF-a and IL-6 secretion
down to control levels.!? Girgin, et al. also assessed that propo-
lis inhibited production of proinflammatory cytokines (IFN-y
and TNF-p).%? Ethanolic extract of propolis suppressed produc-
tion of IL-1a, IL-1f, IL-6, IL-12, and TNF-a in the J774A.1
macrophage cell line.’%-3! In our study, 4 extracts of propo-
lis (dissolved in “water,” in ‘“‘ethanol+biotransformed with L.
plantarum ATCC®8014,” in “water+biotransformed with L.
plantarum ATCC®8014,” and in “water+sonicated 15 min+
biotransformed with L. plantarum ATCC®8014”) were found
to be the most effective in reducing all cytokine levels. Be-
cause of their phenolic content in terms of trans-cinnamic
acid, kaempferol, ferulic acid, quercetin, and caffeic acid levels.
These 4 extracts of propolis were found to be higher than those
of other propolis samples (Figure 1).

Many authors have suggested that the main phenolic
molecules, such as caffeic acid, caffeic acid phenyl ester,
chrysin, kaempferol, quercetin, cinnamic acid, ferulic acid,
and chlorogenic acid, in propolis are responsible for its anti-
inflammatory activity.!3-23-32:33 According to our results, these
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molecules might inhibit NFk-3 pathway, NO signaling pathway,
and COX-1/COX-2 expression. Although CAPE and phenyl es-
ters of caffeic acid were asserted as the main anti-inflammatory
molecules in propolis, they might lead to allergic reactions in
susceptible subjects. Our data evidenced that propolis samples
with lowered CAPE and/DMEA-caffeic acid levels by biolog-
ical transformation showed anti-inflammatory activity in the
same ratio with non-transformed propolis samples.

Bueno-Silva et al. proposed that propolis inhibited different
pathways in inflammatory process: a) down regulation of IL-
1P resulting in inhibition of IL-1p pathway and subsequent
inhibition of NF-kf} pathway; b) reduced activation of MAPK
pathway resulting in the reduction of IL-12 levels c¢) depletion
of activation of PI3K/AKT pathway; d) inhibition of NO path-
way resulting in low NO production and e) down-regulation
of the expression of genes related to Toll-like receptor (TLR)
response (Cd14, Elkl1, Pik3cg, Tirap, and TIr4).28 In our study,
propolis samples decreased the IL-1p levels but had no effect
on NF-kf, which has some the following logical explanations.
Exposure time to LPS and propolis and timing of sample collec-
tion might be important, because NF-kf} is produced in the early
stages of inflammation and the studies showed that the peak of
degradation occurred in the 307 h min 931 so its level in the
2" 1 of induction might decreased.” Nakayama et al. showed
that TNF-like weak inducer of apoptosis (TWEAK) expres-
sion, which induces signaling cascades including the NF-kf,
MAPK, and AKT pathways, did not increase upon stimula-
tion with LPS but increased with IFN-y.3* This observation
might explain the non-effectiveness of LPS on NF-kf} levels in
our study. It has been shown that ethanolic extract of propo-
lis suppressed production and transcription of IL-1f and IL-6
by depletion in mRNA levels of IL-1p and IL-6 induced by
LPS in RAW 264.7 cells and J744A.1 cells.’*3> These effects
of propolis are dependent on time and dose. It has been shown
that pro-IL-1p levels increased 90 min after stimulation by LPS
and ATP, and were released from cells in the 2nd h.33 IL-1p in-
duced production of IL-8, IL-6, TNF-«, and prostaglandin E2.
In this study, IL1p levels increased up to 2 times accompanied
by increases in TNF-a and IL-6 levels.

In our study, almost all propolis samples decreased IL-6
and IL-1p in the 2"? h, however, 4 of the propolis extracts
(1. dissolved in Ethanol+biotransformed with L. plantarum
ATCC®8014;” 2. “dissolved in water+sonicated 15 min and
biotransformed with L. plantarum ATCC®8014;” 3. “dissolved
in water and biotransformed with L. plantarum visbyvac;” and
4. “Dissolved in water and biotransformed with L. plantarum
ATCC®8014”) that returned IL-6 to normal levels were pro-
posed as the most effective samples. It has been noted that IL-10
has an anti-inflammatory effect by inhibiting pro-inflammatory
cytokines and by blocking NF-kf activity.>® The effect of
propolis on IL-10 levels were conflicting in the literature due
to the dose used and duration of treatment.33-3




European Journal of Biology

In some studies, an increase was observed upon stimula-
tion by LPS.'>?° In accordance with these observations, we
found a slight increase in IL-10 levels upon stimulation by
LPS. The three extracts (1. dissolved in ethanol, 2. dissolved
in water+biotransformed with L. plantarum ATCC®8014, and
3. dissolved in water+sonicated 10 min+biotransformed with
L. plantarum ISLG-2 did not show any effect on IL-10 levels.
All of these extracts of propolis have had a low concentra-
tion of naringenin followed by pelargonin, ellagic acid, vanillic
acid, and myricetin. IL-10 levels showed negative correlation
with trans-cinnamic acid (r=-0.495, p=0.072) and DMEA caf-
feic acid (r=-0.538, p=0.047) levels. Although there is no clear
evidence on the suppressive effect of DMEA caffeic acid on IL-
10, this correlation might suggest an inhibitory effect of DMEA
caffeic acid. In regard to this explanation, low levels of DMEA
caffeic acid in biologically transformed propolis samples might
be an advantage to protect IL-10 levels while pro-inflammatory
cytokine levels are decreasing. Touzani et al. also showed that
treatment with propolis at concentrations of 125 pg/mL and
250 pg/mL increased the secretion of IL-10 compared to LPS-
stimulated cells and suggested that the effect mechanism of
propolis on IL-6 and TNF-a is mediated through by induction
of IL-10 production.'?

Two extracts of propolis (dissolved in PEG and dissolved in
water+sonicated 5 min) did not show any effect on IFN-v levels.
All of these propolis samples have had a low concentration of
naringenin followed by caffeic acid and ellagic acid. The neg-
ative correlation between naringenin levels and IFN-y levels
supported the inhibitory effect of naringenin during inflamma-
tion. In accordance with this, propolis dissolved in PEG (with
or without biotransformation) has the lowest anti-inflammatory
effect due to their low phenolic content, especially caffeic acid,
pelargonidin, and naringenin.

Our study and the others showed that the anti-inflammatory
activity of propolis is closely associated with its biologically
active constituent, especially caffeic acid, kaempferol, ferulic
acid, quercetin, and naringenin, which are found in different
concentrations.>?-36-37 Although concentrations and type of ac-
tive molecules in propolis samples varied with solvents and ex-
traction procedures as well as collection season and region, it
has been proposed that the anti-inflammatory activity of propo-
lis is exacerbated with the synergistic and/or antagonistic effects
of all these molecules.'® Our study has also demonstrated for
the first time that, biologically, transformation of propolis did
not affect its anti-inflammatory activity in LPS-induced THP-1
cells.

CONCLUSION

We proposed that extracts of propolis (1) dissolved in water,
(2) dissolved in ethanol+biotransformed with L. plantarum
ATCC®8014, (3) dissolved in water+biotransformed with L.

plantarum ATCC®8014, (4) dissolved in water+sonicated 15
min, and biotransformed with L. plantarum ATCC®8014 have
the highest anti-inflammatory activity. Since the biotransforma-
tion process did not affect propolis’s anti-inflammatory activity,
it can be used as a reliable agent for allergic subjects. It should
be noted that it is crucially important to determine the biolog-
ically active molecule content to get the beneficial effect on
health.
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ABSTRACT

Objective: Neuroblastoma cells are frequently used in neuroscience studies due to their human origin and ability of exten-
sive propagation compared to animal-derived primary neuron cultures. Although they are tumor-derived, they exhibit neuronal
differentiation capability in the presence of several agents including retinoid acid. Several studies have quested for successful dif-
ferentiation protocols and faithful representation of neuronal characteristics. However, they predominantly pursued conventional
two-dimensional (2D) cultures where the role of three-dimensional (3D) tissue microenvironment and cell-matrix interactions
remained unknown. In this study, we investigated the effect of culture dimensionality and native brain extracellular matrix (ECM)
on neuronal differentiation of neuroblastoma cells.

Materials and Methods: Decellularized brain ECM hydrogels offer a physiologically relevant in vitro 3D culture platform
with the representation of key biochemical and biophysical aspects of the native tissue microenvironment for modeling cellular
processes. We cultured SH-SYSY cells on 2D or as encapsulated in 3D decellularized brain ECM hydrogels and assessed them
for morphological shift, neurite extension, and expression of neuronal, synaptic, astrocytic, cholinergic, stemness, proto-oncogene
and neuropathological markers.

Results: Our findings demonstrate that the 3D brain ECM microenvironment distinctly affects the differentiation process compared
to conventional culturing. In 3D ECM, neuronal differentiation occurred as in 2D, with upregulation of neuronal markers, change
in cell morphology, and promotion of neurite extension. However, during differentiation, maintenance of stemness was observed
in a 3D-specific manner. Furthermore, 3D differentiation promoted significant upregulation of astrocytic and synaptic markers
which was not observed in 2D.

Conclusion: This study highlights the importance of physio-mimetic 3D brain models.

Keywords: Neuronal differentiation, extracellular matrix, brain tissue engineering, decellularization, hydrogels

INTRODUCTION human for use in neuroscience and brain tissue engineering
fields.>® Lack of brain ECM ligands in 2D culture models
has been emphasized for the insufficient responses in model-
ing processes such as neuronal differentiation, maturation, and
synaptogenesis.’”® ECM-instructed cell signaling is known to

The extracellular matrix (ECM) is the primary non-cellular
component in all tissues.! Three-dimensional (3D) tissue mod-
els with the capability of representing the native ECM offer

advantages over conventional, two-dimensional (2D) cultur- o qy]ate cell behavior in neurodevelopment, homeostasis, and
ing and enable cell-matrix interactions. Decellularization is a neurodegeneration.?~!! Therefore, understanding the role of
widely used technique for the fabrication of 3D tissue mod-  cefj-matrix interactions in neural cell behavior is still a viable

els with the preservation of native ECM composition.” In the aspiration in the field.
process, cellular content is efficiently removed and the remain-
ing ECM is solubilized with enzymatic digestion which allows
for temperature and pH-induced reconstitution into hydrogel
form.># Decellularization of native brain tissues has been suc-
cessfully demonstrated from sources including porcine and

The human neuroblastoma cell line, SH-SHSY, is a sub-
cloned epithelial cell line from SK-N-SH, which originated in
1970 from a metastatic bone tumor retrieved from a 4-year-old
female patient.!> SH-SHSY is frequently used in in vitro neu-
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roscience studies due to its human origin, ease of expansion,
and neuronal differentiation capability.!> Optimal neuronal dif-
ferentiation requires obtaining a homogeneous cell population
with moderate levels of neurotransmitter production.’> Cellu-
lar proliferation is an important sign of immature phenotype
and proliferation is expected to decrease significantly following
differentiation.'* For this purpose, one of the main approaches
in differentiation protocols is the gradual decrease of serum in
the growth medium from 10% to generally 2.5%.'> On the other
hand, starved cells are mostly supported with neurotrophic ele-
ments such as N2, B-27, retinoic acid (RA), brain-derived neu-
rotrophic factor (BDNF), and potassium chloride (KCI1).'® RA,
a form of vitamin A, has a key role in the differentiation of neu-
roblastoma cells into dopaminergic neurons by its interplay in
the arrest of the cell cycle, elevated levels of cyclin-dependent
kinase (CDK) inhibitors and anti-apoptotic proteins, and its
promoting role in PI3K/AKT signaling cascade.!” N2 supple-
ment contains compounds such as insulin, transferrin, and sele-
nium, which are formulated as ‘Bottenstein’s N-1 formulation’
18 and it promotes differential signaling at early stages. B-27
protects neuronal cells with the promotion of cell survival and
inhibition of glycolysis.!® The combination of these, including
deprivation of serum and administration of neurotrophic fac-
tors, results in the negative selection of epithelial cells from the
population, while differentiated mature neurons are expanded.
According to the differentiation regime applied, different neu-
ronal subtypes can be achieved including adrenergic, choliner-
gic, and dopaminergic neurons.?” Differentiated neuroblastoma
cells, which are phenotypically closer to primary neurons, have
reduced proliferation rate, polarized cell structure, and long
extended axons in connection with surrounding cells.'¢

Several molecular markers take an important role in the as-
sessment of neuronal differentiation. Microtubule-associated
protein family members play essential roles in both neuro-
morphogenic processes and neurodegenerative disease progres-
sion. Microtubule-associated protein 2 (MAP2) is responsible
for stabilizing dendrites during neurogenesis, as well as guid-
ing the coordination for the reconstruction of microtubules and
F-actin proteins during neurite initiation.?! While MAP2 is
localized to the cell soma and dendrites, another microtubule-
associated protein, TAU, is found in axonal regions, with both
proteins having similar functions in promoting microtubule
rigidity during dynamic cellular events within neuronal cells.??
Class III beta-tubulin (TUBB3), also known as Tuj1, is another
marker localized in the neuronal cytoskeleton and increased
expression of TUBB3 is present in the early stages of neuronal
differentiation with implications in axonal maturation. 23

NEUN, a neuronal nuclei marker, is localized within the post-
mitotic neuronal nuclei and perinuclear cytoplasm beyond the
previously mentioned cytoskeletal markers. Its expression is
pronounced in neuronal nuclear areas, where low chromatin
density with loosely packed DNA is present.>* Synaptophysin
(SYP), an integral membrane protein, was one of the first mark-

ers used to detect a neuronal cell. It regulates synaptic vesi-
cle endocytosis and neurotransmitter release, which are crucial
for neuronal cell communication within an organism.?>-2 The
most prevalent neuronal differentiation marker retrieved from a
stem cell perspective is SRY-box transcription factor 2 (SOX2).
Studies have shown that the constitutive expression of SOX2
prevents terminal neuronal differentiation, resulting in intact
progenitor features. Concordantly, downregulation of SOX2
expression is necessary during neuronal differentiation.?’ Ret
proto-oncogene (RET) is an unusual marker of early neuronal
differentiation and has an impact on neural crest development.
Studies have shown that RET is upregulated during differenti-
ation following RA treatment.'428:29

Apart from the neuronal maturation markers, there are also
genes and proteins which regulate the formation of neuronal
subtypes, including dopaminergic, cholinergic, serotonergic,
etc. neurons. Choline O-acetyltransferase (CHAT) is a gene
required for the production of enzymes that synthesize the neu-
rotransmitter acetylcholine, which completes the functionality
of the cholinergic neurons.>® In addition to neuronal markers,
other markers regarding oligodendrocytes or glial cells are also
important for the characterization of differentiated cells. Glial
fibrillary acidic protein (GFAP) is an intermediate filament-I1I
protein and is present in astrocytes in the central nervous sys-
tem, non-myelinating Schwann cells in the peripheral nervous
system, and enteric glial cells.?!

Amyloid-beta precursor protein (APP) and presenilin 1
(PSEN1) are mostly studied for their pathological role in
Alzheimer’s disease and their physiological role is not com-
pletely understood. However, APP has been suggested to play
an important role in synaptic plasticity and brain develop-
ment. In particular, it guides the growth of axons, regulates
dendritic morphology, and promotes early nervous system
development.’?> PSEN1 is a component of the gamma-secretase
enzyme responsible for the cleavage of APP with a possible role
in calcium metabolism and signaling of Notch, and S-catenin
along with APP.33

In this study, we aimed to investigate the role of culture di-
mensionality and brain ECM in neuronal differentiation of SH-
SHSY cells. To create a 3D brain tissue model, we fabricated
decellularized brain ECM (db-ECM) hydrogels from bovine
donors which we encapsulated with neuroblastoma cells. We
compared the differentiation of cells in 3D db-ECM hydrogels
to conventional 2D culturing regarding changes in morphology
and expression of the abovementioned molecular markers.

MATERIALS AND METHODS

Decellularization

Fresh bovine brains removed from calves were delivered in
a sealed container and placed on ice during transportation
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from a local slaughterhouse. The brains were rinsed with
2% Penicillin-Streptomycin (P/S) containing distilled water
(dH,0) and the cerebellum was carefully disjoined. The cortex
was meticulously sliced into small pieces (1x1x1cm?) using a
scalpel and scissors.

DeQuach et al.’s decellularization method was adapted
for the decellularization of bovine brain tissues with minor
modifications.’ The dissected brain cortex tissues were treated
with 0.1% (w/v) sodium dodecyl sulfate (SDS) in phosphate-
buffered saline (PBS) solution containing 1% P/S placed in
a beaker on a magnetic stirrer for 4 days. The solution was
renewed each day. Followingly, 40 U/ml DNAse was applied
for 2 h in 10 mM magnesium chloride (MgCl,) buffer (pH
7.5). The viscous slurry was subdivided into falcon tubes and
sequentially centrifuged at 10,000 rpm for 5 min before being
rinsed with dH,O in each centrifugation step. The leftover tissue
pieces were kept at -80°C until lyophilization and a fragment
of the decellularized tissue was saved for histological investi-
gation. The tissue samples underwent lyophilization until they
were dried entirely.

db-ECM Hydrogel Generation

Brain tissues that had been decellularized and lyophilized were
cryo-milled into powder form. Then, 1 mg/ml pepsin in 0.1M
hydrochloric acid (HCI) was used to digest powdered db-ECM
for 24 h at room temperature at constant rotation. The total
digest solution was then centrifuged at 13,000 rpm for 10 min
to collect the solubilized form. The pH was then brought up
to 7.4£0.2 by neutralizing the solubilized db-ECM on ice with
sodium hydroxide. Hydrogel formation was achieved by incu-
bating the neutralized and solubilized db-ECM at 37 °C for 40
min.

Histological Examination

The preserved wet tissue samples were used for histological and
nuclear content examination. 3.7% formaldehyde solution was
used to fix native and decellularized brain tissues overnight
at 4°C. Before cryo-sectioning, the fixed samples were cov-
ered with OCT and frozen. Then, 10 pm cryo-sections were
collected on glass slides. To indicate nuclear content, slides
were first hydrated, then stained with 1 pg/ml Hoechst solu-
tion (Invitrogen) in PBS for 15 min. DNA content was visual-
ized with fluorescence microscopy. To examine the structural
changes between decellularized and native bovine brain tissues,
Haematoxylin & Eosin staining was applied. First, slides were
hydrated, then stained with Mayer’s Haematoxylin for 3 min,
and washed for 3 min with tap water. Slides were then treated
with 95% ethanol for 45 sec and stained with Eosin alcoholic
solution. All slides were dehydrated, mounted, and closed with
a coverslip before being examined under a light microscope.

Cell Culture

The human neuroblastoma cell line SH-SY5Y (ATCC, CRL-
2266TM) was grown in Dulbecco’s Modified Eagle Medium
(DMEM) containing 4.5 g/L glucose, 10% heat-inactivated fe-
tal bovine serum (FBS), and 1% P/S. Cells were incubated
at 37°C and 5% CO,, passaged when they reached sufficient
confluency (80%), and the growth medium was replaced every
other day.

Phalloidin/DAPI Staining of Neuroblastoma Cells
Encapsulated in db-ECM

SH-SYSY cells were harvested and embedded in decellularized
brain hydrogels at a concentration of 5x10° cells/ml, and after
5 days of incubation, fixation was done with 4% paraformalde-
hyde (Sigma). The gels were permeabilized by treating them
with 0.1% Triton X-100 in PBS for 1 h at room temperature. Af-
ter that, blocking was carried out with a 1% solution of bovine
serum albumin (BSA) (Sigma, A2153) containing 10% goat
serum for 2 h. The samples were stained with Phalloidin-FITC
(Abcam) and 4’,6-diamidino-2-phenylindole (DAPI, Sigma),
and imaging was performed with Leica DMI&/SPS laser scan-
ning confocal microscope. Images were exported from the LAS
X program (Leica, Wetzlar, Germany).

Neuronal Differentiation

For 2D experiments , SH-SYSY cells were seeded onto a 6-well
plate at a density of 30,000 cells/well. For 3D experiments, cells
were encapsulated into db-ECM hydrogels at a density of 1.6 x
10° cells/ml. For this purpose, lyophilized db-ECM digest was
thawed in DMEM high glucose medium with 1% PSA and 50
pg/ml Fungin. Cells were resuspended in a complete medium
and mixed thoroughly with db-ECM by pipetting. Immediately,
the pre-gel was plated on a 24-well plate and incubated at 37°C
for 45 min to allow gelation. Then, 600 pl complete medium
was carefully added into each well. During differentiation, FBS
content was gradually decreased from 10% to 2.5%, and 10
pM RA (Sigma, #R2625) with 2 mM L-Glutamine (Biowest,
#X0550-100) was added to the medium. After reaching day 9,
the differentiation medium was switched to neurobasal medium
(GibCo, #A35829-01) containing 2.5% FBS, 1% P/S, 10 pM
RA, 2 mM L-Glutamine, 1X N-2 (Gibco, #17502), 1X B-27
Plus supplement (Gibco, #A35828-01) and 20 mM KCl (Sigma,
P9333). At the end of the differentiation procedure, hydrogels
were either collected for the extraction of RNA or fixed with
4% paraformaldehyde for immunostaining.

RNA Isolation and cDNA Synthesis

RNA extraction was applied following the manufacturer’s
instructions led by the NucleoSpin®-RNA isolation kit
(Macherey-Nagel). For 3D samples, gels were homogenized in
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RAT buffer supplied by the kit and were centrifuged at 14,000
xg for 5 min to remove the debris. Ethanol was added to the su-
pernatant and mixed well by vortexing followed by centrifuga-
tion at 14,000 xg for 10 min at 4°C. Supernatant was discarded
and the pellet was air-dried. After resuspension of the pellet,
the instructions were followed accordingly which include RNA
binding, membrane desalting, DNA digestion, purification, and
elution. The quantity and quality of the eluted RNA were eval-
uated with NanoDrop Spectrophotometer (Thermo Scientific
2000c, USA). The purified RNA was then reverse-transcribed
into cDNA. First, random hexamer, 1 pg RNA, 10 mM dNTP-
mix, and distilled water were mixed. After incubation at 65°C
for 5 min, the second mixture including 5x First strand buffer,
100 mM DTT, and Ribonuclease Inhibitor (40 U/pl) were added
to each sample. The samples were incubated at 37°C for 2 min
and M-MLV RT enzyme (200 U) was added. The incubation
steps for synthesis were as following: 25°C for 10 min, 37°C
for 50 min, and 70°C for 15 min. The synthesized cDNA was
then diluted 1:5 in RNase-free H,O.

Gene Expression Analysis

Neuronal development-related gene expressions were quanti-
fied relatively by qRT-PCR. The primers were designed using
Primer™ and sequences are shown in Table 1. QuantiNova
SYBR Green PCR Master Mix (Qiagen, #172034345), forward
and reverse primers, cDNA sample, and PCR grade H,O were
mixed for the reaction of each experimental group and trans-
ferred to the PCR plate. Reaction cycles were carried out by
Roche’s LightCycler 480 Instrument II. The mRNA expression
levels (depicted as Cq values) of the related genes were nor-
malized to a housekeeping control gene (GAPDH), and fold
change was calculated using the 2~ 22 <" method.

Immunostaining with Neuronal Markers

SH-SYS5Y cells encapsulated in db-ECM hydrogels at a con-
centration of 5x10° cells/ml and 2D cultured cells for both
undifferentiated control and the differentiated group were fixed
with 4% paraformaldehyde (Sigma, 158127-500G) at day 15.
Similarly, permeabilization with 0.1% Triton X-100 in PBS
was done for 1 h at room temperature for 3D culture and 15
min for 2D culture. Then, blocking was carried out with 1%
BSA solution including 22.52 mg/ml glycine in PBS-T for 2
h for 3D culture and 30 min for 2D culture. Primary anti-
bodies anti-NEUN (Abcam, ab177487) and anti-Beta-Tubulin
IIT (Biolegend, #801213) were used for immunostaining. Af-
ter overnight incubation at 4°C in constant rotation, secondary
antibodies Alexa Fluor 488 goat anti-mouse IgG (H+L) (In-
vitrogen, A11029) and Alexa Fluor 594 goat anti-rabbit (In-
vitrogen, R37117) were applied in dark. Nuclear counterstain-
ing was done with DAPI and images were taken with Leica
DMIS8/SP8 laser scanning confocal microscope. Images were
exported from the LAS X program (Leica, Wetzlar, Germany).

Image analysis was achieved using ImageJ software (National
Institutes of Health, USA).

Statistical Analysis

The quantitative data was stated as mean+S.D values
resulting from minimum n=3 replicates. One sample
t-test was applied to the experimental data using Graph-
Pad Prism 8 software. P values smaller than 0.05 were

considered statistically significant (p<0.0001=extremely
significant ~ (*¥***)  0.0001<p<0.001=extremely  signif-
icant (*¥**), 0.001<p<0.0l1=very significant (**), and

0.01<p<0.05=significant (*)).

RESULTS
Generation of Decellularized Brain ECM Hydrogels

The cortex of the bovine brain was cut into small pieces and
treated with SDS and DNase to achieve decellularization. Af-
ter decellularization, the wet tissue was lyophilized and cryo-
milled. Then, the powder form of the db-ECM was solubilized
through digestion with the pepsin enzyme. The soluble part of
the digest was neutralized, and gelation was achieved through
temperature-induced crosslinking (Figure 1a). As shown in Fig-
ure 1b, the decellularization process resulted in changes in
the tissue composition, and decellularized tissue represented
fiber-like structures when compared to native tissue. Decellu-
larization was validated with Hoechst staining, while nuclear
elimination was completely achieved in the decellularized tis-
sue. To encapsulate SH-SYSY cells in db-ECM hydrogels, cells
were blended with neutralized brain ECM digest at designated
concentrations and incubated at 37°C (Figures 1c and d). Upon
gelation, db-ECM hydrogels with SH-SYSY cells were cultured
for 5 days to assess the cytocompatibility of the reconstituted
native matrix. Phalloidin/DAPI staining demonstrated optimal
cell growth in 3D and typical morphology of SH-SYSY cells
(Figure 1c).

Differentiation of Neuroblastoma in 2D and 3D Conditions

Differentiation protocol was applied to neuroblastoma cells for
17 days and the procedure included two differentiation phases
(Figures 2a and b). In the first phase, serum content was gradu-
ally decreased within the DMEM high glucose medium contain-
ing RA, while in the second phase, the cells were cultured in a
neurobasal medium containing various indicated neurotrophic
factors (Figure 2b). Cellular morphology was carefully mon-
itored with brightfield microscopy during the differentiation
protocol optimization. The brightfield images taken at the end
of differentiation, on day 17, were shown in Figure 2c. Signifi-
cantreduction in cell growth was observed in differentiated cells
both in 2D and 3D conditions, a well-established indication for
differentiated neuroblastoma.'*3* Apart from reduced cell pro-
liferation, the morphology of the cells remarkably changed in
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Table 1. Gene-specific primers used in qRT-PCR.

Gene Forward primer (5°-3°) Reverse primer (5°-3%)

APP ATGGTAATGCTGGCCTGCTG  GAATCCCACTTCCCATTCTG
CHAT GAGGAGCAGTTCAGGAAGAG CCAGGAGTTTCTGCTGCAGG
GAPDH CTGACTTCAACAGCGACACC  GTGGTCCAGGGGTCTTACTC
GFAP  CCAGTTATCAGGAGGCGCTG TCCTGGTACTCCTGCAAGTG
MAP2  CTGTAGCAGTCCTGAAAGGTG CTGTTCTGAGGCAGGTGATG
MAPI  TTAGCAACGTCCAGTCCAAG TCAGGTCAACTGGTTTGTAG
PSENI AGTATCCTCGCTGGTGAAGAC ACGAAACAGGCTATGGTTGTG
RET ACCATGGGCGACCTCATCTC  CTGCCAAGTCCCGATGAACG
S0X2 CTTTTATGAGAGAGATCCTG  ACCGTACCACTAGAACTTT
SYP GCTGTGTTCGCCTTCATGTG AATGTTCTCTGGGTCTGTGG
TUBB3 GAGCGGATCAGCGTCTACTAC GCGGACACTGTCCATGGTTC

2D and 3D conditions. In 2D, differentiated cells displayed
elongated axons creating a synaptic network, while the cell
body became smaller in size. In 3D culture, the encapsulated
naive cells in the control group were inclined to form round
cell clump masses. On the other hand, differentiated cells in 3D
tended to form neurites towards nearby cells across the hydrogel
without forming cell clusters (Figure 2c).

Gene Expression in Differentiated Neuroblastoma

Next, we assessed the gene expression profile of differentiating
neuroblastoma with qRT-PCR for 2D (Figure 3) and 3D (Fig-
ure 4) conditions to reveal the differences in molecular markers
upon change in culture dimensionality. 7UBB3, a mature neu-
ron marker, is upregulated upon differentiation in SH-SYS5Y
cells encapsulated in both 3D db-ECM hydrogels and conven-
tional 2D culturing. Expression of CHAT, a cholinergic neuron
marker, was also significantly increased. Unexpectedly, MAP2,
a gene responsible for neurogenesis, exhibited a small but sig-
nificant decrease in gene expression upon differentiation in both
conditions. Although the expression profile of neuronal mark-
ers was correlated for 2D and 3D, another set of genes showed
different trends in response to differences in culture dimension-
ality during the differentiation of SH-SYSY cells. Expression
of SOX2, a stemness marker, was significantly decreased in
SH-SYSY cells differentiated on 2D in comparison to the non-
differentiated control group (Figure 3). However, in 3D db-
ECM hydrogels, cells maintained their stemness despite induc-
tion of differentiation and gene expression of SOX2 remained
unaltered (Figure 4). Similarly, the MAPT gene was signifi-
cantly downregulated during differentiation in 2D whereas in
3D, its expression was unchanged. A proto-oncogene involved
in neuronal differentiation, RET, exhibited a 2.64-fold increase
in gene expression in cells following differentiation on 2D while
in 3D, differentiation did not affect its expression. Interestingly,
differentiation of SH-SYS5Y cells in 3D db-ECM hydrogels sig-
nificantly induced astrocytic (GFAP) and synaptogenesis (SYP)

markers as opposed to 2D conditions in which expression of
these genes did not demonstrate change. On the other hand, the
differentiation protocol did not cause any change in the expres-
sion of neuropathological markers APP and PSENI in either
condition.

Evaluation of Neuronal Markers with Immunostaining in
Differentiated Cells

To further evaluate the structural and morphological changes
in differentiated SH-SYSY cells in 2D and 3D cultures, pro-
tein expression of neuronal nuclei marker NEUN and mature
neuron marker beta-tubulin III (TUBB3) was assessed with
immunostaining. As shown in Figure 5, in 2D cultures, the
number of cells in the differentiation group was reduced distin-
guishably concomitant with the emergence of elongated axons
and TUBB3 expression. On the other hand, in 3D db-ECM hy-
drogels, a drastic change in morphology was observed (Figure
6). In non-differentiated cells in hydrogels, cell growth demon-
strated clump formation, typical for cancerous cell lines. How-
ever, in the differentiated cells in 3D, a clear morphological
shift was observed with the formation of a neuronal synaptic
network alongside the expression of neuronal markers (Figure
6).

DISCUSSION

The neuroblastoma cell line is a preferred model for studying
neurodegenerative diseases in vitro due to its human origin and
ability for expansion and neuronal differentiation. However, the
role of culture dimensionality and tissue-specific ECM in the
differentiation of neuroblastoma cells has been unknown. A 3D
microenvironment offers several advantages such as providing
a physiologically relevant matrix that closely mimics the native
tissue and enabling cell behavior and functionality observed in
vivo. Furthermore, mechanical matrix parameters such as stiff-
ness and viscoelasticity can be finely tuned.>>3>=37 In this study,
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Figure 1. Decellularization of bovine brain tissue and hydrogel generation. a) Schematic description of hydrogel generation derived from decellularized bovine
brain tissue (Created with BioRender.com). b) Histological examination of native bovine brain tissue and decellularized bovine brain tissue by H&E staining and
Hoechst staining (scale bar: 100pm). ¢) Phalloidin and DAPI staining applied to SH-SYSY cells in a 3D microenvironment at day 5 (scale bar: 75pm). d) Pipeline

for hydrogel generation (Created with BioRender.com).

we investigated the role of culture dimensionality in neuronal
differentiation of SH-SYSY cells. As a 3D biomimetic model,
we fabricated brain ECM hydrogels via decellularization of
bovine brain tissues which allowed the culturing of cells within
a reconstituted native brain matrix.

Neuroblastoma is a childhood cancer arising from the neural
crest which holds the ability to differentiate into mature neu-
ron phenotypes using certain agents.*® In our work, SH-SY5Y
differentiation is induced with a gradual decrease of serum
content in the medium, the addition of RA, and neurotrophic

factors. Serum deprivation allows for the elimination of epithe-
lial cells to achieve a homogeneous neuronal cell population
in the otherwise heterogeneous SH-SYSY cells.?® Until day 9,
neuronal cells were selected after which the selected population
was supported with neurotrophic factors including N2, B-27,
KCl, and RA to induce neuronal maturation. RA plays a major
role during neuronal differentiation by administrating complex
signaling pathways, such as the protein kinase A-dependent
pathway, transcription factors, and extracellular molecules, in-
cluding Wnt signaling.** While N2 and B-27 are expected to
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Figure 2. Neuronal differentiation of neuroblastoma cells in 2D and 3D culture. a) Schematic description of neuronal differentiation experiment setup (Created with
BioRender.com). b) Neuronal differentiation treatment timeline for 2D and 3D application (Created with BioRender.com). ¢) Brightfield images of undifferentiated
and differentiated neuroblastoma cells in 2D and 3D microenvironments at day 15 (scale bar: 100pm).

promote neurogenesis, KCI is known to induce depolarization  duced as expected, an important feature of differentiation, the
of neurons by the activation of potassium channels.*!-42 expression of neuronal markers was distinctively changed, and

During neuronal differentiation, cell proliferation was re- ashiftin cell morphology was observed in both 2D and 3D con-
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Figure 3. Gene expression analysis of 2D differentiated neuroblastoma cells; the results were normalized to GAPDH expression of the cells.

Figure 4. Gene expression analysis of 3D differentiated cells; the results were normalized to GAPDH expression of the cells.

ditions. In 2D culture, cells possessed long axons and formed a
synaptic network with nearby cells upon differentiation (Figure
2c). Moreover, there was a significant increase in the mature
neuron marker TUBB3 gene expression and a significant de-
crease in the stemness marker SOX2, indicating neuronal matu-
ration. On the other hand, the expression of the CHAT gene was
upregulated which hints that cholinergic neuron differentiation

was induced by the applied differentiation protocol. Unexpect-
edly, the expression of MAP2 and MAPT was significantly
reduced in differentiated cells. This might have been due to a
lack of matching the timing of sample collection with the stage
of differentiation in line with previous studies including Przy-
borski et al.’s, where it has been shown that upregulated levels of
MAP2c mRNA transcripts in the early stages of differentiation
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Figure 5. Immunostaining of undifferentiated and differentiated neuroblastoma cells in 2D culture at day 15. Neuronal markers, NEUN:red; Beta-tubulin III,
TUBB3:green; Nuclear staining with DAPI:blue. Scale bar:100 p m.

Figure 6. Inmunostaining of undifferentiated and differentiated neuroblastoma cells in 3D culture at day 15. Neuronal markers, NEUN:red; Beta-tubulin III,
TUBB3:green; Nuclear staining with DAPI:blue. Scale bar:50 p m.

tended to decrease as developmental progression proceeded.*? starting from day 3 of RA treatment, which was hypothesized to
In our study, another gene that was affected by neuronal differ-  stimulate neuronal differentiation.?** RET expression is more
entiation in 2D conditions was RET, a proto-oncogene marker. =~ common in dopaminergic neurons, and an increase in this gene
Studies have demonstrated an increased expression of RET  is correlated with the promoted neurogenesis in dopaminergic
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neurons. Moreover, the elevation of RET expression might be
a sign of the completion of early differentiation phases.!*

SH-SYSY differentiation in 3D db-ECM hydrogels similarly
revealed a morphological shift in cells and neuronal network
formation in line with the expression of neuronal markers (Fig-
ure 6). On the other hand, non-differentiated neuroblastoma
cells exhibited growth in spherical clumps, a behavior common
for 3D cancer cell cultures.*’ In response to mechanical stim-
ulus through hydrogels, cells tend to remodel their surround-
ings and change their cellular shape, behavior, and biological
signaling.*®-*” Physical confinement and the presence of brain-
specific ECM ligands provided by the 3D hydrogel model used
in the study demonstrated distinct changes in gene expression
during neuronal differentiation compared to 2D cultures (Fig-
ure 4). The expression of the SYP gene, a synaptic marker, was
significantly increased in 3D matrices in line with neural net-
work formation. Although the functionality of this gene has not
been completely clarified, it has important roles in vesicular
ion channel activity and endocytosis.?® Expression profiles of
neuronal markers TUBB3, CHAT, and MAP2 were unaffected
by culture dimensionality and similar in 2D and 3D conditions.
On the other hand, SH-SY5Y cells that differentiated in 3D db-
ECM hydrogels showed an upregulation of astrocytic marker
GFAP. Although glial cell formation was not targeted during
the differentiation procedure, due to the biomechanical charac-
teristics of the hydrogel, glial cell formation was induced (Fig-
ure 4). Similarly, a study by Hu et al. demonstrated increased
expression of GFAP in primary rat astrocytes in 3D soft ma-
trices compared to stiff environments which was found to be
mediated by the inhibition of Yes-associated protein (YAP),
a key transcriptional coregulator of stiffness-induced cellular
events.*

As opposed to the observed loss of stemness and reduction
in SOX2 gene expression in 2D conditions, neuroblastoma dif-
ferentiation in 3D hydrogels showed preservation of stemness.
This might be due to the presence of ECM components that help
cells maintain their stemness characteristics thereby promoting
their differentiation capability.*® Furthermore, matrix proper-
ties such as stiffness, viscoelasticity, and degradability were
defined as key parameters for regulating the stemness charac-
teristic of stem cells.’>3! Cells cultured in 3D microenviron-
ments require matrix remodeling to migrate and expand.’%->3
Native tissue matrices are viscoelastic and support such re-
modeling where differentiation can be induced with instructive
ECM ligands.>*

The expression of neuropathological markers PSENI or APP
was investigated in different conditions since previous reports
have shown that such markers could be upregulated upon dif-
ferentiation. However, we did not encounter any significant
changes in the expression of PSENI or APP in either 2D or 3D
hydrogels.!!

CONCLUSION

In this study, we performed a comparative analysis of neuroblas-
toma cell differentiation within 3D hydrogels constructed from
decellularized bovine brain tissue, in comparison to conven-
tional 2D cell cultures. Our investigation focused on evaluating
changes in cellular morphology and the expression of molecu-
lar markers. In conclusion, the findings of this study reveal that
culture dimensionality distinctly affects the neuronal differen-
tiation of neuroblastoma cells. 3D hydrogels with the ability to
biomimick the brain microenvironment via reconstitution of na-
tive ECM show preservation of stemness, induction of synaptic
markers, 3D network formation, and expression of glial mark-
ers as opposed to conventional 2D culturing. These hydrogel
systems can be adapted to different pathophysiological states
by modulating their biophysical and biochemical properties for
developing faithful in vitro disease models in neuroscience.
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ABSTRACT

Objective: Selenium (Se) is not necessary for plants but alleviates the harmful effects of abiotic stresses. Indeed, high Se levels
cause toxicity by inducing oxidative stress and disrupting several metabolic processes. However, the underlying mechanisms
remain poorly understood.

Materials and Methods: The effects of Se toxicity on the morphological and physiological attributes of hydroponically grown
maize (Zea mays L.) seedlings were illustrated. Five-day-old seedlings were subjected to 0 (control), 50, and 100 pM Se. After ten
days, the treated seedlings were harvested to analyze growth, cell viability, photosynthetic pigments, lipid peroxidation, reactive
oxygen species (ROS) accumulation, and enzymatic antioxidants.

Results: The results indicated that excess Se resulted in phytotoxicity, as demonstrated by reduced seedling growth, root activity,
and chlorophyll accumulation but higher malondialdehyde content. Se also increased oxidative stress, as illustrated by the
accumulation of ROS, lipid peroxidation, and loss of membrane integrity. The antioxidative system was induced to detoxify ROS
through the superoxide dismutase, guaiacol peroxidase, and catalase enzymes. Excess Se increased catalase activity, while the
opposite happened in superoxide dismutase and guaiacol peroxidase activities.

Conclusion: These results may improve the understanding of Se phytotoxicity in plants.

Keywords: Antioxidant enzymes, Growth, Oxidative Stress, Phytotoxicity, Zea mays L.

INTRODUCTION nate is taken up by sulfate transporters of the root cell plasma
membrane.® However, excessive Se accumulation can affect
amino acid concentrations and alter the levels of nitrogenous
compounds and various secondary metabolites'®!!, which can
cause phytotoxicity by directly affecting the metabolism.!? Se-
induced toxicity is mediated by increased ROS accumulation
and oxidative stress® and negatively affects the accumulation of
essential nutrients by disrupting the mineral balance in plants.’
Se toxicity in rice seedlings causes chlorosis, reduced accu-
mulation of photosynthetic pigments, growth inhibition, lipid
peroxidation, and enhanced activity of antioxidant enzymes.*!3
The phytotoxic mechanisms of Se in maize plants have been
studied only to a limited extent. Therefore, this research was
carried out to obtain information about plant responses to Se-
induced toxic effects by investigating seedling growth, root ac-

Selenium (Se) is a non-metallic element in the soil, occurring
in various inorganic forms. Se is essential for human and ani-
mal health due to its important role in stress defense systems.!
Se, which can covalently bond with C, participates in the struc-
tural formation of various organic Se-containing compounds,
including selenoamino acids and selenoproteins. Selenopro-
teins are required for maintaining the physiology in a wide
variety of prokaryotes, archaea, and eukaryotes; but are absent
in fungi or green plants.>> However, Se stimulates the antioxi-
dant mechanism at low concentrations and protects plants from
oxidative stress but acts as a heavy metal and an oxidant at
high concentrations.* Therefore, the beneficial role of Se at
low concentrations has been extensively studied.’

While selenate, selenite, and organic Se compounds such as
selenocysteine and selenomethionine can be quickly absorbed
from the soil, the roots cannot take up colloidal elemental
Se or selenides.® Se is chemically similar to S and shares a
similar pathway of uptake and translocation in plants.”® Sele-

tivity, photosynthetic pigments, lipid peroxidation, ROS accu-
mulation, and antioxidant systems in different tissues of maize
plants.
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MATERIALS AND METHODS

Plant Material and Se Treatment

The seeds of the maize (Zea mays L.) cultivar “Capuzi” were
surface sterilized using 1% NaOCI and washed five times with
sterile distilled water. They were then placed in culture contain-
ers with two layers of wetted filter papers and germinated for 48
h in the dark and at 25°C. Homogeneous maize seedlings were
transferred to 1 L hydroponic culture pots containing modi-
fied Hoagland nutrient solution. They were grown in a growth
chamber under a 12 h:12 h photoperiod, 250 pmol m~2 s~ ! light
intensity, 25°C * 1°C, and 60% relative humidity for three days.
They were then transferred to a nutrient solution containing O,
50, and 100 pM of sodium selenite (Na,SeO3) and cultivated for
another ten days. The pH of the nutrient solution was adjusted
to 6.0 and was renewed every two days.

Determination of Growth Parameters

After exposure for ten days, ~8—10 seedlings were randomly
selected from each group treated with a particular concentration
of Se and harvested. The shoots and roots of the seedlings were
separated, and their fresh weights were determined. The dry
weights were determined after 48 h of drying at 80°C.

Determination of Root Activity by TTC Reduction

Root activity was analyzed by determining the activity of de-
hydrogenases in root tips using the TTC (2,3,5-triphenyl tetra-
zolium chloride) reduction test.!4 The root tips, ~1 cm long,
were exposed to the TTC solution containing 0.8% TTC and
1% Tween-80 in 0.05 M potassium phosphate buffer (pH 7.4)
for 2 h. The microscopic images were the taken with a digital
camera.

Determination of Total Chlorophyll Content

Total chlorophyll content was determined using the Wellburn
method.!> The second leaves were collected, and ~100 mg
were extracted with 10 mL methanol. The supernatants were
obtained, ODgs3 and ODggs measured, and the chlorophyll
content was estimated using the formulae:

Chlorophyll a= 15-65A666 - 7.34A653
Chlorophyll b = 27.05A¢53 - 11.21A¢66

Determination of Lipid Peroxidation Levels

The level of lipid peroxidation was determined by measuring
the malondialdehyde (MDA) content.'® Leaf tissues, 0.5 g, were
homogenized with 0.1% trichloroacetic acid (TCA) and cen-
trifuged at 11,500 x g for 15 min. The supernatant was mixed

Yildiz et al., Selenium Toxicity in Maize Seedlings

with 20% TCA containing 0.5% thiobarbituric acid and incu-
bated at 95°C for 30 min. The ODs3, and ODg¢o were observed,
and the MDA content was calculated using the extinction coef-
ficient (155 mM~! cm™).

Histochemical Detection of Oxidative Damage

Hydrogen peroxide (H,0,) accumulation was determined his-
tochemically using 3,3’-diaminobenzidine (DAB) solution.!”
Superoxide radicals (O5™) were determined after leaf and root
tissues were incubated with 0.1% nitro blue tetrazolium (NBT)
solution for 2 h in the dark.'® Lipid peroxidation in the leaf and
root tissues was determined using Schiff’s reagent.!” Mem-
brane integrity at root tips was detected by treating the roots
with 0.25% Evans blue solution for 1 h.'° Leaf and root tissues
were photographed using a digital camera.

Extraction and Assay of Antioxidant Enzymes

Fresh leaf and root tissues, 500 mg each, were homogenized
separately with 50 mM phosphate buffer (pH 7.0). The ho-
mogenates were centrifuged at 14,000 rpm for 20 min. The
supernatants were collected and stored for enzyme activity as-
says, and the total protein level was determined by the Bradford
method.?° Superoxide dismutase (SOD) activity was measured
following the method of Beauchamp and Fridovich;?! catalase
(CAT) activity according to the method of Aebi;?> and Gua-
iacol peroxidase (GPOX) activity by the method of Mika and
Liithje.”

Statistical Analysis

All experiments were carried out twice in triplicates. Statistical
analyses were performed by analysis of variance using the SPSS
22.0 software (IBM, NY, USA). Duncan’s multiple range test
(DMRT) was used to compare the means.

RESULTS
Effect of Se on Seedling Growth

The fresh and dry weights of shoot and root tissues decreased
significantly due to increased Se concentration (P < 0.05; Table
1). Under 50 and 100 pM Se, the shoot fresh and dry weights
were reduced by 29.8% and 64.8%, and by 17.6% and 47.2%,
respectively, compared to the control. The root fresh and dry
weights decreased by 30.5% and 49.6%, and by 11.8% and
31.7%, respectively. In addition, visual symptoms of toxicity
were observed in maize seedlings exposed to Se (Figure 1).

Effect of Se on Root Activity

The root activity in maize seedlings under Se determined by
the TTC method revealed an intense red color in the root tips
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Table 1. The effects of different Se concentrations on shoot and root fresh (FW)
and dry weight (DW) of maize seedlings.

Figure 1. Visual symptoms of Se toxicity in maize seedlings.

of the control seedlings, indicating a high cellular viability
or oxidizing ability. Nonetheless, relatively low dehydrogenase
activity was also evident in the root tips of Se-treated seedlings
(Figure 2).

Figure 2. Root activity visualized by the TTC reduction assay in maize
seedlings exposed to Se.

Effect of Se on Chlorophyll Content

The total chlorophyll content of leaf tissues reduced markedly
by 30.4% and 60.8%, with an increase in Se concentration at
50 and 100 pM, respectively (P < 0.05; Figure 3).

Figure 3. Effect of different Se concentrations on total chlorophyll content
in leaf tissues of maize seedlings. Different letters (a — ¢) indicate significant
differences among the means according to DMRT analysis (P<0.05).

Effect of Se on Lipid Peroxidation and ROS Accumulation

A significant increase in the MDA content indicated oxidative
stress in plants exposed to Se (P<0.05; Figure 4). The MDA
contents elevated by 1.37- and 1.47-fold under 50 and 100 pM
Se, respectively. DAB staining detected a higher accumulation
of H,O, in the Se-treated seedlings compared to the control
(Figures 5 and 6). Se-induced accumulation of O,*~ was con-
firmed by histochemical staining with NBT. Lipid peroxidation
was determined histochemically in leaves but not in roots. Ad-
ditionally, the roots of maize seedlings treated with Se were
stained extensively by Evans blue, indicating a loss of mem-
brane integrity (Figure 6).

Effect of Se on Antioxidant Enzymes

The effects of excess Se on the activities of antioxidant enzymes
and protein contents of the leaf and root tissues are depicted
in Figure 7. Compared to the control, 50 and 100 pM Se sup-
pressed SOD activity in the root tissues by 40.3% and 31.1%,




Figure 4. Effect of different Se concentrations on MDA content in leaf and
root tissues of maize seedlings. Different letters (a — c) indicate significant
differences among the means in each tissue according to the DMRT analysis
(P<0.05).

Figure 5. Histochemical analysis of hydrogen peroxide, superoxide radical,
and lipid peroxidation accumulation in maize leaves.

respectively; and GPOX activity by 52.9% and 28.2%, respec-
tively. On the other hand, SOD and GPOX activities in the leaf
tissues were not significantly affected by Se. Se at 50 and 100
pM enhanced CAT activity in the leaves by 54.9% and 47.4%,
respectively, compared to the control plants. However, the root
CAT activity was remarkably elevated only at 50 pM Se. Se at
50 and 100 pM reduced the protein content of leaf tissues by
13.7% and 20.6%, but an increase of 21.7% and 34.5% in root
tissues, respectively.
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DISCUSSION

Although Se is known to have positive effects at low concentra-
tions, it shows toxicity symptoms in plants at high concentra-
tions. One of these symptoms is the reduction in biomass. In this
work, an increasing concentration of Se significantly reduced
the growth attributes of maize seedlings. Se-induced inhibi-
tion of growth was also detected in rice seedlings.* Excessive
growth inhibition was associated with reduced stomatal density,
disrupted stomatal arrangement, and diminished cell viability
in Arabidopsis thaliana.®* Tn a short-term experiment, sele-
nate treatment promoted the Se contents in the rice seedlings
grown with 0.1 mM sulfate. This suggested that under the S-
limited conditions, plants can absorb selenate more efficiently,
inducing toxicity and growth impairment. Excess Se reduced S
concentrations in the roots of rice seedlings, indicating a com-
petition between Se and sulfate uptake.>> Reduced growth in
maize seedlings may be related to impaired sulfate availability
and damage induced by excessive Se to vital processes such as
protein and chlorophyll biosynthesis.'?

The reduction of colorless TTC to a water-insoluble red for-
mazan depends on the efficient activity of respiratory dehydro-
genases and indicates mitochondrial activity and viability in
metabolically active cells.?® The intensity of the red color is
proportional to the metabolic activity of the cells, making it a
reliable indicator of cell viability. In the present study, suppres-
sion in TTC reduction was determined in root cells to indicate
cell viability in plants exposed to Se. A reduction in root activ-
ity was also reported under metal-induced stress.?’-?® However,
low Se concentration (2.5 pM) elevated the TTC reduction ca-
pacity in Phaseolus aureus roots.”’

Excess Se negatively affects many physiological and bio-
chemical processes in plants. Among these, chlorosis is one
of the most harmful effects due to decreased chlorophyll
biosynthesis. A dramatic reduction in chlorophyll contents
was observed in Se-treated maize seedlings. In the case
of cowpea plants, foliar application of high Se concentra-
tions inhibited photosynthesis and decreased the chlorophyll
content, generating leaf chlorosis-related symptoms.?® Ele-
vated Se accumulation in leaf tissues can destroy chlorophyll
molecules and increase oxidative stress.’%-3! Se reduces chloro-
phyll content in spinach plants by suppressing the activity of
¢-aminolevulinate (ALA) dehydratase, which is required for
chlorophyll biosynthesis.3> Similarly, Se reduced ALA con-
tent in etiolated maize.3> However, the Se-induced reduction
in chlorophyll concentration may have resulted in lower photo-
synthetic yields and thus inhibited seedling growth.!3

Possible mechanisms involved in Se-mediated oxidative
stress have been described to explain its harmful effects.” Se-
induced inhibition in the antioxidant defense system causes the
overproduction of ROS.3* A significant increase in MDA con-
tent indicates oxidative stress in plants exposed to Se toxicity
due to the overproduction of ROS.* Increased oxidative stress
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Figure 6. Histochemical analysis of hydrogen peroxide, superoxide radical, lipid peroxidation, and membrane integrity in maize roots.

Figure 7. Effects of different Se concentrations on the activities of antioxidant enzymes and protein contents in leaf and root tissues of maize seedlings. Different
letters (a — ¢) indicate significant differences among the means in each tissue according to the DMRT analysis (P<0.05).

and high MDA content in maize leaves due to Se application in-
dicated membrane disruption. Similarly, foliar Se application at
high concentrations of 150 g ha~! induced a drastic increase in
H,0, concentration and lipid peroxidation in cowpea leaves.?
On the contrary, foliar application of Se ranging from 20 to
80 ppm in coffee plants decreased lipid peroxidation and H,O,
levels, highlighting the antioxidant capacity of Se in combat-
ing ROS.% Conversely, Se-induced oxidative damage was also
demonstrated by the histochemical localization of O,*~, H,0,,
and lipid peroxidation. In addition, lipid peroxidation severely
affected membrane integrity in root cells, as observed through
the high uptake of Evans blue reagent by roots. In vitro studies
have revealed that Se reacts with glutathione, causing excessive
0,°~ and, subsequently, H,O, accumulation.*® Se elevated ox-
idative stress in rice seedlings, and H,O, accumulation was the

leading cause of Se-related toxicity.* Se-induced toxicity dis-
rupted chloroplast and mitochondrial structure and function,
leading to the overproduction of ROS.

Plant cells possess a dedicated defense strategy, such as en-
zymatic antioxidants to detoxify ROS.?’ In the present study,
antioxidant enzymes were differentially regulated to scavenge
ROS produced under excess Se. For instance, Se decreased SOD
and GPOX activities in root tissues, while it did not cause any
significant effects in leaf tissues. Se-induced reduction of SOD
activity was also observed in wheat and lettuce plants.-3 Nu-
merous studies have revealed that excess Se diminished GPOX
activity.‘“)‘42 On the other hand, the activity of CAT, another
H,0, detoxifying enzyme, increased with Se supplementation,
as observed in rice seedlings.4 However, a reduction was ob-




served in certain plant species.’>*> Foliar Se application at
>100 ppm exceeded the toleration limits of the leaves of coffee
plants exercising a pro-oxidant function, as observed by the in-
creased ROS production and decreased activities of SOD, CAT,
and APX.3> However, rice seedlings exposed to Se presented
higher CAT and APX activities and higher GSH contents, which
probably counteracted the deleterious effects of ROS.? Differ-
ential regulation of antioxidant enzymes depending on the level
of Se exposure suggests that varied mechanisms may play a role
in overcoming Se toxicity.

CONCLUSION

Se exposure inhibited the growth of maize seedlings due to re-
duced photosynthetic pigment content and increased oxidative
stress markers. Plants exposed to Se displayed high levels of
0,°7, H,0,, lipid peroxidation, and loss of membrane integrity.
Maize seedlings regulated the antioxidant system to detoxify the
Se-induced ROS accumulation, modulated by SOD, GPOX, and
CAT. Further research on the impacts of Se on the transcrip-
tome and proteome in plants can provide a better understanding
of the effects of Se in maize.
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Investigation into the Usability of the Maackia amurensis Lectin in Bacterial
Diagnosis with the Help of Transmission Electron Microscope

Yosun Mater!

Gebze Technical University, Molecular Biology and Genetics Department, Kocaeli, Turkiye

ABSTRACT
Objective: Glycoconjugates are known to play a crucial role in the attachment-recognition relationship of prokaryotic cells,
particularly bacteria. Therefore, understanding the function and properties of these glycoconjugates is of great importance.

Materials and Methods: While various methods have provided significant information in determining the chemical structures
and functions of sialic acids, histological methods have remained essential in determining their function and location in living
organisms. The discovery of lectins with unique marking ability based on the bond structures of sialic acids and the development of
antibodies, which can be microscopically distinguished by adding colloidal silver and gold particles, were significant milestones.
In the 1990s, methods were developed to specifically mark the types and locations of sialic acids using immunocytological,
histological, and fluorescence microscopy methods with fluorescently labeled lectins and antibodies. These methods still remain
valid and important today. Using this information, it is possible to create smart drugs and biomarkers specific to bacteria.

Results: In this study, the unique connections of gold-labeled lectins with different bacteria were demonstrated with the help of

transmission electron microscopy.

Conclusion: Our study supports the idea that labeled lectins could be used for rapid and precise bacterial diagnosis.

Keywords: Sialic acid, Bacteria, Biomarkers, Immunocytochemistry, Microscopy

INTRODUCTION

"Glycans", often referred to as oligosaccharides and polysac-
charides, are found in all eukaryotic and prokaryotic cells, as
well as viruses, including embryonic and pluripotent stem cells.
They consist of a basic chain structure with added protein and
lipids. When found on cell surfaces, glycans form the "Glycoca-
lyx" layer.' = This layer plays a crucial role in various cellular
processes such as cell growth, differentiation, cell migration,
disease pathogenesis, and immune system function.' =33 One of
the most significant glycans are sialic acids, which were initially
discovered in saliva during the mid-1930s and subsequently re-
ferred to as sialic acid. In 1941, sialic acid was also identified in
nerve cells and termed neuraminic acid. It was later established
in the 1950s that sialic acid and neuraminic acid were iden-
tical structures consisting of 9-carbon acidic sugar molecules
with a pH range of 2-3.! N-linked and O-linked glycans, as
well as glycosphingolipids, are commonly situated at the out-
ermost ends of biological systems."»>® When considering the
tasks that are solely attributed to their receptor functions, sev-
eral come to mind. These include primarily the formation of

viral and bacterial infections, toxin binding, colony formation
of bacteria, determination of serological characteristics, and the
preservation of cell shape.!-3-¢

One of the most commonly utilized methods for labeling
surface glycoconjugates and unique sugar sequences is through
the use of lectins. Lectins were first discovered in castor bean
plant seeds in 1888. These molecules, which have the ability to
agglutinate animal red blood cells, have attracted attention with
this feature. Although its specific glycan binding properties are
known, its biological functions in plants and other organisms
are mostly unknown. Different classifications of lectins were
later made, such as R-Type, L-Type, P-Type, C-Type, I-Type,
Galectins and Bacterial Lectins. The Maackia amurensis lectin
used in our study is an L-Type lectin and specifically binds to
sialylated glycans.”~’

Lectins that are utilized to label sialic acids can be obtained
from a variety of sources including vertebrates, arthropods,
mollusks, protozoa, plants, bacteria, and viruses.® Lectins have
been found to be useful in the detection of glycoconjugates
in complex matrices and body fluids, even in trace amounts.
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Additionally, they can be utilized to characterize compounds
that bear a specific glycan structure. The mitogenic stimulation
of lymphocytes and lectins in cell division can be leveraged
due to their distinct and specific binding ability to detect glyco-
structures, virus and bacteria surfaces, and changes in cancer
cells after malignant transformation. These changes may occur
in cellular or non-cellular membrane elements or within the
cell itself 810

The Maackia amurensis plant lectin (a2-3) utilized in our
study is a lectin that specifically recognizes the motif [Siaa2-
3Galp1-4GlcNAc] from bound sialic acids. The Maackia
amurensis lectin [MAL] demonstrates a unique ability to oligo-
valently bind (a2-3) sialic acids with high affinity. Conversely,
it exhibits a weaker binding affinity towards sialic acids with
monovalent («2-3) linkages.!!

The identification of bacteria at both the genus and species
level was initially performed using morphological character-
istics, followed by biochemical tests. However, these tradi-
tional methods are time-consuming, taking hours and days
to complete. Therefore, molecular biological methods have
gained importance in bacterial classification as a result of tech-
nological advancements. These methods are based on deter-
mining genes and their products and can be categorized into
seven main groups. These include DNA-based methods such
as 23S, 16S, and 5S rRNA sequence similarity, cataloging of
oligonucleotides, analyses for the separation of total soluble
proteins that form morphological and biochemical properties,
cell wall analysis, serological profiles, and profiles of cellular
fatty acids.”-!1%13

The combined use of traditional and molecular biology-based
techniques has facilitated the rapid classification of bacteria and
the identification of new microorganism groups. In addition to
these methods, automated classification devices such as the
VITEK 2 Compact (bioMérieux Diagnostics) microbial iden-
tification and API identification systems are commonly used.?
The VITEK 2 Compact system utilizes colorimetric cards con-
taining 60-65 different tests to determine microorganisms at the
species level within 5-8 hours.!3

In our study, we examined bacterial surface differences us-
ing labeled lectins that could make highly specific connections.
The feasibility of glycobiology-based bacterial identification
was evaluated based on these bacterial cell surface differences.
The originality of our work; the aim of this study is to ex-
amine the possibility of rapid and accurate bacterial species
diagnosis by using the sensitive binding abilities of lectins to
glycoconjugates. The method sensitivity was demonstrated by
transmission electron microscopy. Based on the results of our
study, we believe that the methods developed using labeled
lectins can provide more sensitive results than the VITEK and
API systems in bacterial species identification.

MATERIALS AND METHODS

In our study, we employed the Maackia amurensis lectin, a
lectin that selectively recognizes the motif [Sian2-3Galfl-
4GIcNAc] present on sialic acids («2-3), as a marker to label
bacterial samples from five different strains with three distinct
cell morphologies and genera. To achieve this, we conjugated
the Maackia amurensis lectin with colloidal gold particles mea-
suring 10-12 nm, which were synthesized in our laboratory.
The [Siaa2-3Galp1-4GlcNAc] motif was specifically labeled
on the cell membranes of bacteria using the colloidal gold-
linked lectin.

To prepare the bacterial samples for microscopy, they were
first fixed and embedded in epoxy resin. Thin sections were then
obtained using a Reichert OM U3 ultramicrotome and micro-
graphed using a JEOL 1010 transmission electron microscope.

The study employed five bacterial strains of three different
cell morphologies and genera, including Gram-negative, coc-
cobacillary strains of Escherichia coli ATCC 35860 (K92),
ATCC 8739, and ATCC 29998, Micrococcus luteus ATCC
9341 in coccal form, and Bacillus subtilis ATCC 6634 bacteria
in bacillus form.

The Escherichia coli ATCC 35860 (K92) strain (BOS12
strain) was isolated from cerebrospinal fluid and is used in
sialic acid production and bacteriophage host assays. The
Escherichia coli ATCC 8739 strain was isolated from feces
and is utilized in various microbial tests, including media tests,
impact tests, and quality tests. The Escherichia coli ATCC
29998 strain is a clinical isolate, particularly used in specti-
nomycin action spectacin tests and nutritional analysis. The
Micrococcus luteus ATCC 9341 strain, currently known as the
Kocuria rhizophila ATCC 9341 strain, is a soil isolate and is
frequently used in antibiotic tests. The Bacillus subtilis subsp.
spizizenii ATCC 6633 strain is a clinical isolate and is also
utilized in antibiotic tests.

Bacteria were grown using Luria Broth (LB) and Luria Agar
(LA) media. Broth inoculated with a single colony of bacteria
grown for appropriate times on solid media was grown at 37 °C
until sufficient optical density was achieved and stored in 50%
glycerol at -20 °C and 15% glycerol at -80 °C until the marking
step.

Preparation of Colloidal Gold

The preparation of colloidal gold followed the procedure out-
lined in Hayat.'* To form gold-labeled lectins, a stock colloidal
gold solution was first prepared using tetrachlorogold (III).
Then, 5 mL of Na-citrate was added to boiling water, followed
by the appropriate amount of 0.2% tetrachloroauric acid (gold).
The mixture was allowed to boil for 5-10 min, during which
red-colored colloidal gold particles were formed. The forma-




tion of the particles was confirmed by spectroscopic scanning
(OD400-600)-

To control the agglutination of colloidal gold, 1% PEG
20,000 and 100 mM K,COs3 were added to 5 mL of the gold
solution, and the pH of the solution was measured. The amount
required for agglutination was determined, and the prepared
colloidal gold was then challenged with the Maackia amurensis
lectin.

Gold-Lectin Conjugation

The gold solution was prepared by adding 100 mM K2CO3
to particle-free glassware on a magnetic stirrer. Then, lectin
was added dropwise to the mixture, followed by 1% PEG
20,000. The resulting mixture was centrifuged at 14,000 rpm at
4 °C, and the supernatant was discarded. The precipitates were
then diluted with a mixture of PBS and PEG. The conjugates
were scanned spectrophotometrically to determine the optimal
amount for use.

Exposing the Bacteria to Colloidal Gold-Labeled Lectins

Bacteria were cultured in LB medium at the appropriate temper-
ature. Samples (500 ul) were taken from each bacterial culture
and transferred to sterile Eppendorf tubes. The samples were
centrifuged at 7,000 rpm for 10 min, and the supernatant was
discarded. The obtained precipitates were resuspended in 500
w1 of salt solution (PBS pH 7.2/PEG 20,000). A 15 ul part of
the samples was separated from the cells, centrifuged at 7,000
rpm for 10 min, and washed by adding 500 ul of salt solution
(PBS/PEG 20,000) in sterile Eppendorf tubes.

Salt solution (10 ul) and gold-labeled lectins (10 ul) were
added to each tube, and the appropriate storage conditions were
observed. The samples were then fixed using TEM fixation steps
and embedded in Epoxy resin.” Thin sections with a thickness
of 250-300 A were taken using the Reichert OM U3 ultrami-
crotome and stained with saturated uranyl acetate and 2.66%
lead citrate. The samples were examined at 80 kV in a JEOL
1010 electron microscope, and micrographs were taken and
evaluated for results.

RESULTS

In this study, we utilized colloidal gold-conjugated Maackia
amurensis lectin (MAL) to specifically detect the motif [Siaa2-
3Galp1-4GlcNAc] (a2-3). MAL is known to especially bind
oligovalently-bound (a«2-3) sialic acids.11 It uniquely marked
the [Siaa2-3Galf 1-4GIcNAc] motif observed on the bacterial
surfaces following the washing steps (Figures 1-5). When the
results of the bacteria used in our study are examined, we see the
presence of sialic acids with the [Siaa2-3GalB1 -4GlcNAc] mo-
tif in the cell membranes of the coccobacillus Escherichia coli
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ATCC 35860 (K92) strain (Figure 1), Escherichia coli ATCC
87309 strain (Figure 2), and Escherichia coli ATCC 29998 strain
(Figure 3). It should be noted here that all the bacteria samples
examined in this study have the [Siaa2-3Galp 1-4GlcNAc] mo-
tif in their membranes, but the densities of oligovalently-bound
(a2-3) sialic acids were different even among the various strains
of the same bacteria. The Escherichia coli ATCC 35860 (K92)
strain (Figure 1) and Escherichia coli ATCC 8739 strain (Fig-
ure 2) specifically exhibited more intense labeling indicating
a higher concentration of the [Siaa2-3Galf1-4GlcNAc] mo-
tif. On the other hand, oligovalently-bound (a2-3) sialic acids
were found to be quite low in the Escherichia coli ATCC 29998
strain (Figure 3).

Figure 1. The Escherichia coli ATCC 35860 (K92) strain, exhibiting a coc-
cobacillus structure (a2-3) with sialic acids, which were marked with gold-
labeled MAL (—) at a magnification of 100,000X.

Figure 2. The Escherichia coli ATCC 8739 strain, exhibiting a coccobacillus
structure (a2-3) with sialic acids, was visualized using gold-labeled MAL (—)
at a magnification of 75,000X.
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Figure 3. The Escherichia coli ATCC 29998 strain, exhibiting a coccobacillus
structure (a2-3) with sialic acids, was visualized using gold-labeled MAL (—)
at a magnification of 30,000X.

The presence of sialic acid bearing the motif [Siaa2-3Galp1-
4GlIcNAc] in the coccus form of Kocuria rhizophila ATCC
9341 (formerly known as Micrococcus luteus ATCC 9341) is
observed to be in a very limited quantity, as depicted in Figure
4.

Figure 4. The coccus form of Micrococcus luteus ATCC 9341, now classified
as the Kocuria rhizophila ATCC 9341 strain, displays a2-3 sialic acids labeled
with gold using MAL (—) at a magnification of 100,000X.

In the study, it was observed that Bacillus subtilis ATCC 6633
cell membrane, in the form of bacillus, contained oligovalently-
bound (a2-3) sialic acids which were highly labeled with col-
loidal gold bound - MAL (Figure 5).

DISCUSSION

The Maackia amurensis plant lectin used in our study is
a lectin that specifically recognizes the oligovalently-bound

Figure 5. The presence of sialic acids in Bacillus subtilis ATCC 6633 strain
(a2-3) in its bacillus form was confirmed through gold labeling with MAL
(—) at a magnification of 30,000X.

(a2-3) sialic acid motif [Sia2-3Galp1-4GIcNAc]. The lectin
was conjugated with colloidal gold, which was prepared in
our laboratory. We investigated bacteria with various cell
morphologies, including coccus, coccobacillus, and bacillus
forms. The bacterial strains used in this study were Gram-
negative coccobacillus Escherichia coli strains ATCC 35860
(K92), ATCC 8739, and ATCC 29998, and Gram-positive coc-
cus form Micrococcus luteus ATCC 9341, and bacillus form
Bacillus subtilis ATCC 6634. These morphologies are the most
common in bacteria, some of which may have pathogenic prop-
erties. These are important species that are frequently encoun-
tered in microbiological studies. The lectin-labeling of bacte-
ria was visualized ultrastructurally (Figures 1-5) and quanti-
fied to determine the amount of oligovalently-bound (a2-3)
sialic acids in different bacterial genera and morphologies
(Figures 1, 4 and 5). Specifically, we compared the amount
of [Siaa2-3GalB1-4GlcNAc] sialic acid motif in Escherichia
coli, Micrococcus luteus ATCC 9341, and Bacillus subtilis
ATCC 6634 strains, as well as in different species of Gram-
negative coccobacilli belonging to the same genus (ATCC
35860 [K92], ATCC 8739, and ATCC 29998) (Figures 1-3)
of Gram-negative, coccobacillary Escherichia coli of different
species belonging to the same genus (Figures 1-3). Our results
provide serologically sensitive information about the genus and
species of bacteria based on the specific labeling of surface
glycoconjugates with lectins. The results were verified visu-




ally and ultrastructurally by micrographs (Figures 1-5), which
supported previous findings in the literature.!>~1”

Studies on sialic acid and its metabolism in prokaryotes
have mainly focused on gene regions associated with cap-
sule synthesis due to their involvement in disease-causing
properties.'®=1% Although different bacteria (e.g., E. coli K1,
K12, K92, 024, 037, 0104, 056, 0157, O111, BOS12, Neis-
seria meningitidis, Haemophilus influenzae, Campylobacter
Jejuni, Staphylococcus epidermidis, Streptococcus pneumonia,
Brucella, etc.) exhibit striking similarities in determinant or-
ganization; the degree of virulence is determined by the ex-
istence and type of polysaccharides on the surface of cell
membrane.'>>” Based on the findings of our study, we have
obtained supportive evidence regarding pathogenicity at the
ultrastructural level. Our results indicate that the surface of
the selected bacteria contained a higher concentration of sialic
acid with an increase in the range of bacteria used. Notably,
the Bacillus subtilis ATCC 6634 strain demonstrated the most
significant labeling, followed by the Escherichia coli strains
ATCC 35860 (K92), ATCC 8739, and ATCC 29998, which
exhibited similar but less pronounced labeling (Figures 1-3 and
5).

This study demonstrates the feasibility of distinguishing
between different bacterial species using Maackia amurensis
lectin, which selectively binds to «2-3 sialic acid units on bac-
terial surfaces. The observed variations in sialic acid density
among strains of the same Escherichia coli species suggest
that this method can also differentiate between strains within
a species. The visual results obtained provide evidence that
lectins can provide specific and precise binding, enabling ac-
curate distinction between genera and species. These findings
are consistent with previous studies in the literature.'-

CONCLUSION

Transmission electron microscopy has demonstrated that bac-
terial diagnosis can be achieved at the genus and species level
by utilizing specific lectins. This method is based on glycobi-
ology and employs labeled lectins to form unique connections
with sialic acid units. These findings suggest that immunoflu-
orescent labeled lectins could be used to develop a practical,
rapid, and specific bacterial diagnosis method.

Based on these findings, we aim to develop biomarkers
for the genus and species-level diagnosis of bacteria using
immunofluorescently-labeled lectins. Additionally, we aim to
develop techniques suitable for fluorescent microscopes, which
can be considered a faster and easier method for sensitive diag-
nosis.
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ABSTRACT

Objective: Heat stress is a significant factor leading to decreased crop yield. Exceeding the plant’s temperature tolerance threshold
in ecosystems often results in significant cellular damage and potentially cellular death. Signaling elicitors may mitigate elevated
temperatures’ detrimental impact and enhance plant defense mechanisms.

Materials and Methods: The present study investigates the influence of varying temperatures (25, 30, 35, 40, and 45°C) and
pre-harvest salicylic acid (SA) application (0, 0.5, 1.5, 2.5, 5, and 10 mM) on the morpho-physiological and biochemical attributes
of maize. A factorial-based experiment was set up following a completely randomized design and conducted in a growth room.

Results: The findings demonstrated that a 2.5 mM SA treatment at 35°C produced the largest plant leaf area and total chlorophyll
content. The temperature and SA application interplay on carotenoid content were maximum at 5 mM. SA treatment under high-
temperature conditions effectively elevated proline content, chl a, chl b, chl total, and malondialdehyde compared to untreated
plants. The peak stomatal conductance was also observed with a 2.5 mM SA treatment at 30°C. The maximal catalase and
peroxidase activities were recorded at 35°C. Furthermore, 2.5 mM SA at 25°C resulted in the highest levels of soluble proteins and
RWC. SA (2.5 mM) applied at 30°C was more efficient at decreasing H202 production. The highest proline content was observed
with 2.5 mM SA at 45°C.

Conclusion: SA (2.5 mM) treatment can have optimal effects on maize plant growth parameters under high-temperature conditions,
potentially mitigating the damaging effects of heat stress.

Keywords: Antioxidant, Biological Yield, Heat Stress, Proline, Soluble Protein.

INTRODUCTION to a CO,-concentrating system that curbs Rubisco oxygenase
. . 4

activity.

Globally, maize (Zea mays L.) ranks second in production per

unit area after wheat.! As one of the primary crops in temperate

and subtropical regions, maize contributes 20-25% to human

food sources, 60-75% to animal feed, and 5% to industrial raw

materials. This crop has to endure numerous biotic (like herbi-

The plant’s survival under stress hinges on its ability to de-
tect the stimulus, respond to the perceived signal, and generate
biochemical compounds to adapt to the conditions. Several fac-
tors, including calcium, ethylene, jasmonic acid, and salicylic

vores and pathogens) and abiotic (such as radiation, drought,
salinity, and temperature) stresses.? Heat stress refers to a tem-
perature increase beyond a specific limit long enough to inflict
irreversible harm to plant growth and development. Typically,
a rise of 10-15°C above the ideal temperature is deemed heat
stress. One of the most critical processes adversely affected by
heat stress is photosynthesis.’ Maize, being a C4 plant, requires
a higher optimum temperature for photosynthesis, attributable

acid (SA), have been identified as plant stress signals.> SA acts
as a signaling molecule, triggering plant responses to environ-
mental stressors. Recent genetic studies have revealed that over
90% of SA is derived from isochorismate. While the role of
isochorismate synthases in SA production is well-established,
the enzyme responsible for converting isochorismate to SA
remains unidentified. The functionality of SA in protecting
against various biotic and abiotic stresses is well-documented.®
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Additionally, SA inhibits ethylene production, respiration, and
senescence.

As a plant growth regulator, SA regulates several physiologi-
cal reactions, including photosynthesis, stomatal closure, tran-
spiration, chlorophyll synthesis, and mineral uptake.” Fur-
thermore, by influencing catalase (CAT) and peroxidase (POD)
activity and boosting the accumulation of osmotic solutes such
as proline and glycine betaine, SA mitigates various stresses
(like heat, cold, salinity, and heavy metals).!® Also, SA can im-
pact superoxide dismutase (SOD) enzyme activity, converting
free oxygen radicals into hydrogen peroxide. While hydrogen
peroxide (H,O,) can be harmful, it can also serve as a signal-
ing molecule at low concentrations.'! The increase in root and
shoot dry weight and overall plant biomass is likely connected
to the photosynthetic efficiency of SA treatments.!> The pho-
tosynthetic efficiency of plants using SA is tied to increased
Rubisco activity and chlorophyll content.!* The increase in
leaf quantity and surface area, which are photosynthetic in-
dicators, could be another benefit of SA treatment.!? Given
the role of SA in enhancing plant tolerance to environmental
stressors and considering global warming, this experiment ex-
amined whether SA could boost the photosynthetic capacity,
antioxidant activity, and biological defense system of maize
’MV500’ in response to heat stress.

MATERIALS AND METHODS

Experimental Procedure and Treatment Application

This research assessed the impact of varying temperature de-
grees (25, 30, 35, 40, and 45°C) and the foliar administration
of SA at different concentrations (0, 0.5, 1.5, 2.5, 5, and 10
mM). The experiment focused on maize seedlings’ morpholog-
ical, physiological, and biochemical characteristics. The exper-
imental setup was a factorial structure arranged in completely
randomized blocks with three replicates in a growth chamber.

The maize seeds used for the experiment were procured from
the Seed and Plant Improvement Institute (SPII). The study
was carried out as a pot experiment in 2018 within the research
greenhouse of the Islamic Azad University of Mahabad, sit-
uated at a latitude of 35° 58’N, a longitude of 44° 3’E, and
an altitude of 1354 m above sea level in the West Azerbaijan
Province, Iran. The experiments were conducted at the Islamic
Azad University of Mahabad.

Maize "MV500’ seeds were sown in loamy clay soil in the
growth chamber, which had a light/dark cycle of 16/8 h, a light
intensity of 14Klux, a relative humidity (RH) of 65+£2%, and
a day/night temperature of 23+2/16+2°C (GROUC; Iran). The
pots were watered daily.

The treatments were initiated after the maize plants had devel-
oped three leaves, a stage that lasted for 3 days. The seedlings
were subjected to various temperature degrees for 3 h daily

(Figure 1). The physical and chemical attributes of the farm
soil used in the experiment are presented in Table 1.

Stomatal Conductance, Leaf Area Index (LAI), and
Photosynthetic Pigments Evaluation

We used a portable probe (1600-LI) to gauge the stomatal con-
ductance of maize leaves. After the experiment, we quantified
the plant leaf area using a leaf area meter (A 300; UK). From
each test unit, we picked several mature young leaves. Using
a Porometer (Leaf Porometer; SN: LP2402; Decagon, US),
we computed their average stomatal conductance (mM (H,O)
m~2s~1) early in the morning. To determine the photosynthetic
pigments (for instance, chlorophyll a, b, and total chlorophyll),
we sampled fully matured leaves, dissolved them in 80% ace-
tone, and centrifuged them. We measured each sample’s ab-
sorption using a spectrophotometer (Perkin Elmer, Lambda 25,
UV/VIS Spectrophotometer) at wavelengths of 663.2, 646.8,
and 470 nm for chlorophyll a, chlorophyll b, and total chloro-
phyll content, respectively. The pigments’ quantity was subse-
quently computed based on pg/g fresh weight per the provided
formula.'

Chlorophylla = (12.25X A¢63.2)"(2.79X Ac46.8) €))]
Chlorophyll b = (21.21X As46.8)"(5.1X Age3.2) 2)
TotalChlorophyll (a+b) = (7.15X Age3.2 + 18.71X Ags6.8)
(3)

Carotenoid = ((1000X A470) — (1.8XChla) @)
— (85.02XChlb))/198 5)

Age3.2 - Absorption in wavelength of 663.2; Ags6.g : Absorp-
tion in wavelength of 646.8; A479: Absorption in wavelength of
470.

Cell Membrane Stability (Electrolyte Leakage)
Assessment

We transferred 1g of fresh leaf tissue into a falcon containing 20
ml of deionized water to evaluate the cell membrane stability.
After 24 h at 25°C, we read the samples’ electrolyte leakage
(L1) using a conductivity meter (Aqualytic Sensdirect, CD24).
We autoclaved the samples for 20 min at 120°C, cooled them
down, and read the solution’s electrical leakage (L.2) again. The
cell membrane stability percentage was then calculated as per
the formula provided. '’

Electrolyte leakage(%) = (L1/Ly) x 100 6)

Relative Water Content (RWC) Measurement

We cut pieces of fully matured leaves into 1 cm? and weighed
them (FW). Then, we placed the samples in a petri dish filled
with distilled water and weighed them in a 4°C incubator after
4 h (TW). Lastly, we put the samples in a 72°C oven for 72 h,
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Figure 1. The stages of applying experimental treatments on maize ‘Mv500’.

Table 1. Experimental soil analysis results.

weighed them once more (DW), and calculated their relative
water content according to the provided formula.'®

RWC = (FW = DW)/(SW — DW) x 100 7

Biological Yield (Biomass) Calculation

After harvest, we measured the leaf, shoot, and stem fresh
weights. The plant was then dried in a 70°C oven, and the
biomass (dry weight) was measured with 0.001 accuracy.

Enzymatic Extract Preparation

We used the method by Kang and Saltveit'” with slight modifi-
cations. Specifically, we homogenized 0.5 g of leaf fresh weight
at 4°C in 3 ml of extraction buffer (50 mM Tris-Hcl buffer, pH
7.5, 3 mM MgCl,, 1 mM Na-EDTA). We then centrifuged
the homogenate (Hermle Z 216 MK; Germany) for 20 min at
5000 rpm at 4°C. We used the supernatant as the crude extract
to assay CAT, POD, and ascorbate peroxidase (APX) enzyme
activity.

Catalase Activity (EC 1.11.1.6) Assessment

We used the method by Aebi.!® to assay CAT activity. The
reaction mixture consisted of 2.5 ml of 50 mM phosphate buffer
(pH 7), 0.2 ml of 1% H,0,, and 0.3 ml of enzyme extract. We
measured the catalase activity as a decrease in absorption at
240 nm and extinction coefficient (0.0436 mM~! cm™') as per
the provided formula.

Unit mM dOD y vol of assay (0.0003)
n — =
"5\ Tnin min(slope)  Extinction coefficient (0.0436)

Assessing Peroxidase Activity (EC 1.11.1.7)

The method outlined by Upadhyaya et al.!® was used to measure
POD activity. The reaction mix included 2.5 ml of 50 mM
phosphate buffer (pH= 7), 1 ml of 1% H,0O,, 1 ml of 1%
Guaiacol, and 0.1 ml of enzyme extract. One minute was set to
monitor the increase in absorbance at 420 nm. The POD activity
was then calculated using the extinction coefficient (26.6 mM™!
cm™!) in the equation:

y vol of assay(0.0001)
Extinction coefficient (26.6)

M D
Units (m_) do

min |~ min(slope)
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Evaluating Ascorbate Peroxidase Activity (EC 1.11.1.11)

The activity of APX enzyme was gauged based on the procedure
of Nakano and Asada.?® This reaction mix contained 2.5 ml 50
mM phosphate buffer (pH 7), 0.1 ml EDTA, 1 mM sodium
ascorbate, 0.2 ml of 1% H,0,, and 0.1 ml enzyme extract. The
APX activity was determined by the decrease in absorption at
240 nm, and the extinction coefficient (2.8 mM~! cm™') was
utilized in the following calculation:

o vol of assay (0.0001)
Extinction coefficient (2.8)

. [(mM doD
Units | — | = —

min min(slope)
Measuring Protein Content

To estimate the protein levels, a gram of fresh leaf tissue was
blended in 5 ml of Tris buffer (0.05 M, pH 7.5). The mixture was
centrifuged at 10,000 X g for 25 min at 4°C. The soluble protein
concentration was determined using 0.1 ml protein extract and
5 ml of biuret reagent (0.1 g Kumasi Brilliant Blue G250+50
ml of 95% ethanol+100 ml phosphoric acid 85%), which was
then diluted to a liter with distilled water. The solution was
filtered using a Whatman filter and mixed with a vortex. Ab-
sorbance was read at 595 nm by a spectrophotometer (UV/VIS
Lambda25 Perkin Elmer) after 2 min, and the concentration
was computed based on the bovine serum albumin standard

CllI'Ve.21

Quantifying Lipid Peroxidation

In a nutshell, 200 mg of fresh leaf tissue was crushed in 5 ml
0.1% (w/v) TCA. The homogenate was centrifuged (Hermle
7216 MK; Germany) for 5 min at 10,000 x g. Then, 1 ml of
the supernatant was added to 4 ml of 20% TCA solution con-
taining 0.5% TBA and boiled for 30 min at 95°C. After cooling
in ice, the mixture was centrifuged for 10 min at 10,000 X g.
Absorbance was read at 532 nm wavelength. The red complex
(malondialdehyde (MDA)-TBA) was targeted for absorption
at this wavelength, and non-specific absorption was read at
600 nm and subtracted from the previous value. The extinc-
tion coefficient (155 mM~! cm™') was used to calculate MDA
concentration.??

Evaluating Hydrogen Peroxide Levels

The method adapted from Velikova et al.>* was used to measure

the H,O, content. A 200 mg leaf tissue sample was homoge-
nized in an ice bath with 3 ml of 0.1% (w/v) TCA. This ho-
mogenate was then centrifuged at 12,000 x g for 15 min. One
ml of the supernatant was added to 1 ml of 10 mM potassium
phosphate buffer (pH=7.0) and 2 ml of 1 M KI. The absorbance
of the supernatant was measured at 390 nm. The H,O, content
was determined using the extinction coefficient (0.28 mM™!
cm™).

Proline Measurement Process

The procedure for assessing proline was adapted from Bates et
al.>*, but with minor changes. In brief, a 0.1 g of fresh leaf tissue
sample was ground up in 10 ml of 3% sulfo-SA. This solution
was then spun in a centrifuge (Hermle Z216 MK, Germany) for
a quarter of an hour at 4000 revolutions per minute. Following
this, 2 ml of the resulting supernatant was combined with 2 mg
of ninhydrin reagent and 2 ml of acetic acid. The concoction was
then heated in a bath at 100°C for 1 h. The reaction was halted
by cooling the mixture in an ice-water bath. Subsequently, 4 ml
of toluene was added, which led to the formation of two distinct
layers. The proline content was measured using the supernatant.
The absorbance was noted at a wavelength of 520 nm, and the
proline content was determined using a standard curve.

Statistical Analysis

The data gathered was processed using SAS 9.4 software, and
the mean values of the treatments were compared utilizing the
Duncan test, with a significance threshold set at 0.05

RESULTS

Growth Metrics

Indicators of photosynthetic capacity (chlorophyll a, chloro-
phyll b, total chlorophyll content, and carotenoids) were signif-
icantly influenced by the treatments (p<0.01). The combined
effect of SA at a concentration of 2.5 mM and a temperature
of 35°C yielded the highest leaf area, chlorophyll a (5.58 mg/g
FW), total chlorophyll content (7.76 mg/g FW). The interaction
of SA (10 mM) and a temperature of 35°C resulted in the high-
est chlorophyll b (2.35 mg/g FW), and the maximum carotenoid
content (1.84 mg/g FW) was obtained at a concentration of 5
mM SA and temperature of 35°C. The most excellent stomatal
conductance was recorded under the joint treatment of SA (2.5
mM) and a temperature of 30°C (Table 2).

Impact of SA and Temperature on RWC

RWC demonstrated a significant correlation between SA and
temperature (p<0.05). The data revealed a decline in RWC
across all SA concentrations as the temperature escalated from
25°C to 45°C. The highest RWC was observed at 25°C when
the concentration of SA was increased to 2.5 mM. However, as
SA concentrations reached 5 and 10 mM, there was a notable
reduction in RWC (Table 3).

Lipid Peroxidation

The stability of the MDA was shown to be significantly im-
pacted by both SA and temperature (p<0.01), as well as their
combined effect (p<0.05). The most stable cell membranes were




observed at different SA levels at 25°C, whereas the least stable
was observed in the control treatment at 45°C. As the temper-
ature rose, electrolyte leakage increased across all SA concen-
trations. However, SA application at 25°C, 30°C, and 35°C did
not significantly impact leaf electrolyte leakage. Contrarily, at
40°C and 45°C, electrolyte leakage decreased with up to 2.5
mM of SA application. This trend reversed with 5 and 10 mM
SA concentrations, where electrolyte leakage increased (Table
3).

Impact on Biological Yield

Leaf, stem, and plant dry weight, as measures of plant biomass,
were significantly influenced by the interaction of temperature
and SA (p<0.01). The lowest weights for leaf, stem, and plant
were recorded when the temperature was at 45°C and the SA
concentration was at 10 mM. Elevated levels of SA did not
alleviate heat stress, but instead exacerbated it. Conversely, SA
at a concentration of 2.5 mM moderated heat stress and resulted
in the highest leaf, stem, and plant dry weight at 35°C. This led
to an increase of 29%, 36.6%, and 31%, respectively, compared
to the control treatment (Table 3).

Antioxidant Enzymes Activity

An increase in APX activity was seen with SA (p<0.01). This
increase followed the trend of raising SA concentrations to 2.5
mM. The highest APX activity, showing a 10.48% increase
compared to the control, was achieved with a SA concentra-
tion of 2.5 mM. However, when SA concentration rose from
5 mM to 10 mM, APX activity declined (Figure 2). The ef-
fect of temperature on APX activity was less pronounced. APX
activity increased at 30°C and 35°C but decreased beyond the
plant’s tolerance threshold at 40°C and 45°C (Figure 2). Simi-
larly, CAT and POD activity were significantly affected by the
interaction of temperature and SA (p<0.05). The highest activ-
ity levels of CAT and POD were recorded at 35°C. When the
temperature was raised from 35°C to 40°C and 45°C, CAT and
POD activities decreased (Figure 3).

MDA and H202

When the temperature increases, MDA content correspond-
ingly escalates. At 45°C, the MDA content was approximately
62.87% greater than at 25°C (Figure 4). SA (2.5 mM) de-
creased the MDA content by about 14.92% compared to the
control. However, when the concentration of SA rose, there
was a corresponding rise in MDA content (Figure 4). Reactive
oxygen species (ROSs) play a significant role in lipid peroxi-
dation. In this study, the production of ROSs was affected by
the interaction of SA and temperature (p<0.01). The maximum
and minimum levels of H,O, were found in the control group at
45°C and the SA (2.5 mM) group at 30°C, respectively (Figure
4).
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Soluble Proteins

Both SA and temperature significantly impacted the content of
soluble proteins (p<0.01). As the temperature rose by 10-15°C,
from 30-35°C, a 60% decrease in soluble protein content was
noticed at all tested SA levels. The highest content of soluble
proteins was observed when 2.5 mM of SA was applied at 25°C
(Figure 5).

Proline

The proline content was significantly influenced by SA, tem-
perature, and the interactive effect of SA and temperature
(p<0.01). The maximum proline content (47.13 pmol/g FW)
was recorded with a SA (2.5 mM) treatment at 45°C. The mini-
mum proline content (10 pmol/g FW) was noticed in the control
SA group at 25°C. When the temperature was raised to 40 and
45°C, an increase in SA concentration up to 2.5 mM increased
proline content. However, higher concentrations of SA at 5 and
10 mM led to a decrease in proline content (Figure 6).

DISCUSSION

Heat stress notably impacts maize plants’ growth and metabolic
activities. Such stress instigates physiological alterations in the
plants, which eventually induce morphological modifications.
Our study observed that these heat stress effects resulted in a
decline in the maize plants’ morphological and physiological
attributes. However, administering SA in varying concentra-
tions, particularly a concentration of 2.5 mM, enhanced the
maize plants’ growth and physiological features.

As the temperature increases, the photosynthetic system suf-
fers irreversible damage, particularly the photosynthetic pig-
ments. Yet, SA demonstrated its ability to manage heat stress
in temperatures exceeding the plant’s tolerance threshold. This
allowed for an improvement in the photosynthesis mechanism
within the bio-kinetic zone. Photosystem II (PSII), lipid perme-
ability, and rubisco activase are critical components of the pho-
tosynthetic apparatus mechanisms affected by heat stress.?> The
photosynthetic capacity of a plant fluctuates significantly un-
der heat-stress conditions. Gradual temperature increases and
heat shock factors (HSFs)!? elicit distinct plant responses. Pho-
tosynthesis is a crucial factor influencing maize productivity,
particularly within an optimal temperature range of 28-37.5°C.
In the course of our study, it was found that chlorophyll a,
chlorophyll b, total chlorophyll content, and carotenoid levels
declined as temperature increased. However, treatment with
2.5 mM of SA increased the amount of chlorophyll a and total
chlorophyll. When the SA concentration was increased to 5 and
10 mM, the chlorophyll b and carotenoid amounts, respectively.
A temperature of 35°C and SA treatment in varied concentra-
tions produced beneficial outcomes compared to both high and
low temperatures. The reduction in photosynthesis is due to
damage to the oxygen-releasing complex, resulting from the
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Table 2. The effect of temperature stress and salicylic acid treatments on the photosynthetic capacity of maize (Zea mays L.).
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Table 3. The influence of salicylic acid and temperature on select morpho-physiological parameters of maize (Zea mays L.) "MV500’.
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limited capacity of the photosynthetic electron transport.?® An
evaluation of 36 genotypes regarding yield traits, phenological
traits, plant architectural traits, physiological traits, and stress
index under drought, heat, and hybrid stress environments re-
vealed significant losses under heat stress.?’

An increase in temperature from 25 to 45°C led to a reduction
in stomatal conductance. However, treatment with 2.5 mM SA
enhanced stomatal conductance under heat-stress conditions.
Stomatal closure, a significant factor in heat stress and drought
conditions, reduces CO, intake into the photosynthetic system.
As temperature increases, evaporation and transpiration rates
rise, demanding an increased water uptake. The plant responds

with stomatal closure if sufficient water is unavailable for ab-
sorption. Furthermore, stomatal limitation is attributed to a de-
crease in Rubisco carboxylation activity and an increase in pho-
torespiration, which results in photosynthetic reduction.?® SA, a
plant growth regulator, positively impacts enzymes involved in
photosynthesis, thereby enhancing photosynthetic capacity.?

Plant water potential is significantly affected by heat stress.
Under such stress, RWC demonstrates a notable decline, with
the most prominent increase observed when 2.5 mM of SA was
applied at 25°C. As the temperature rises, the evapotranspi-
ration trend escalates, amplifying the water absorption’s ther-
modynamic properties in the root medium. However, when
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temperatures exceed the plant’s threshold, the balance between
the absorbed and evaporated water (known as the Hydrostatic
gradient) is disturbed due to the deterioration of cell structures
and self-regulation mechanisms and an increase in electrolyte
leakage and stomatal closure. This leads the plant to confront
drought-like conditions.>® In this study, it was observed that a
temperature of 45°C, without the application of SA, resulted in
the highest level of electrolyte leakage. This may be attributed
to the enhanced kinetic energy and movement of molecules
across cell membranes, breaking chemical bonds in biological
membranes and increasing cell membrane fluidity.’® Heat stress
directly affects proteins and unsaturated fatty acids.>' The dam-

age inflicted on the cell membrane under heat stress conditions
compromises the stability of macromolecules and boosts mem-
brane lipid peroxidation. Given that oxidative stress is common
under heat stress conditions, this experiment found that heat
stress augmented MDA levels.

The application of SA stimulates antioxidant systems, such
as CAT, POD, and APX. It also promotes the accumulation of
adaptive osmolytes, including glycine betaine and proline, two
primary organic osmolytes that amass in response to environ-
mental stressors. Additionally, the application of SA was found
to enhance plant water potential, potentially increasing the re-
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sistance of the cell membrane and regulating ROS in plants.
This may lead to a decrease in the cell membrane disruption
and permeability. In this study, the application of SA increased
soluble protein content, cell membrane stability, photosynthetic
system efficiency, and antioxidant enzyme activity. As a sig-
naling molecule, SA enhanced gene expression efficacy and
HSP-mRNA transcription. Therefore, SA mitigates heat stress
in plants and prevents a reduction in soluble protein content.
HSFs stimulated the genes responsible for encoding H,O, pu-
rification enzymes, such as APX1.3> The study conducted on
rice genotypes observed a significant rise in the activity of an-
tioxidant enzymes, including SOD, APX, and GPX, in both
flag leaf and spikelet tissues of the MTU-1010 genotype. Addi-
tionally, the MTU-1010 genotype exhibited significantly higher
SLW (specific leaf weight) and RWC (relative water content)
than the PR-113 genotype across all treatments. This genotype
displayed a higher spikelet fertility, a photosynthesis rate, an
induced antioxidant system, and improved transpiration, RWC,
and SLW, thereby exhibiting greater heat stress tolerance dur-
ing the flowering stage compared to the PR-113 genotype.>?
Overall, the effect of SA in increasing the activity of antiox-
idant enzymes under temperature stress is attributed to ROS
detoxification. HSFs decrease protein synthesis, particularly as
temperatures rise, which triggers the production of a new group
of low molecular mass proteins known as heat shock proteins.
These proteins act as molecular chaperones within cells.>* The
increase in soluble protein content under SA application may
be due to the stimulation of hydrolysis of insoluble proteins,
resulting in the accumulation of osmolytes.> The protein con-
tent decreases as the temperature rises, with the lowest protein
content recorded at 45°C. The application of SA increases the
soluble protein content, with the highest amount observed at an
application of 2.5 mM SA and a temperature of 25°C. Previous
reports have also shown that the application of SA increases

soluble protein content in Arabidopsis shoots and roots, which
aligns with the findings of this research.>> Furthermore, fo-
liar application of SA has been found to increase carbohydrate
content, soluble proteins, free amino acids, and proline con-
tent in Basil, supporting the results of this experiment.® Pro-
line plays various roles in plants, including regulating osmotic
potential, maintaining cell membrane integrity, balancing en-
zymes/proteins, and the appropriate ratio of NADP*/NADPH
and the scavenging of ROS. The proline accumulation under
stress conditions depends on the plant’s resistance capacity. A
disruption of protein synthesis can result in proline accumu-
lation due to a decreased conversion of proline into protein,
leading to reduced growth.?’

CONCLUSION

The exposure to heat stress led to a decrease in biological yield,
RWC, CAT, and POD activity. SA induces a differential antiox-
idant response in spring maize under high-temperature stress.
However, compared to the untreated group, the application of
SA to adapt to high temperatures effectively increased proline,
chlorophyll, and MDA levels. The utilization of SA exhibited
the most significant impact on the growth parameters of maize
plants under high-temperature conditions, mitigating the detri-
mental effects of heat stress on maize.




Acknowledgments: This project was performed by the facili-
ties of the Islamic Azad University of Mahabad, Iran.

Peer Review: Externally peer-reviewed.

Author Contributions: Conception/Design of Study- E.N.;
Data Acquisition- N.D.; Data Analysis/Interpretation- N.D,
M.H., E.N.; Drafting Manuscript- N.D.; Critical Revision of
Manuscript- E.N., N.D., M.H., K.A.; Final Approval and
Accountability- ENN., N.D., M.H., K.A.

Conflict of Interest: Authors declared no conflict of interest.

Financial Disclosure: Authors declared no financial support.

ORCID IDs of the authors
Esmail Nabizadeh 0000-0002-2449-3984
Narges Dolatmand 0000-0003-1910-825X
Masoud Haghshenas  0000-0001-7379-2107
Khadijeh Ahmadi 0000-0002-2289-9710
REFERENCES
1. Xu N, York K, Miller P, Cheikh N. Co-regulation of ear

10.

11.

growth and internode elongation in corn. Plant Growth Reg.
2004;44:231-241.

Atkinson NJ, Urwin PE. The interaction of plant biotic and abiotic
stresses: From genes to the field. J Exp Bot. 2012;63:3523-3543.

Impa SM, Perumal R, Bean SR, John Sunoj VS, Krishna Ja-
gadish SV. Water deficit and heat stress induced alterations in grain
physico-chemical characteristics and micronutrient composition
in field grown grain sorghum. J Cer Sci Technol. 2019;86:124-
131.

Crafts-Brandner SJ, Salvucci ME. Sensitivity of photosyn-
thesis in a C4 plant, maize, to heat stress. Plant Physiol.
2002;129:1773-1780.

Ma M, Wang P, Yang R. UV-B mediates isoflavone accumulation
and oxidative-an 460 tioxidant system responses in germinating
soybean. Food Chem. 2019;275:628-636.

Wang LJ, Fan L, Loescher W, et al. Salicylic acid alleviates
decreases in photosynthesis under heat stress and accelerates
recovery in grapevine leaves. BMC Plant Biol. 2010;10:1-10.
doi:10.1186/1471-2229-10-34.

Sajjad Y, Jaskani MJ, Ashraf MY, et al. Response of morpho-
logical and physiological growth attributes to foliar applica-
tion of plant growth regulators in gladiolus 'white prosperity’.
Pak J Agric Sci. 2014;51:123-129.

. Pérez MGF, Rocha-Guzman NE, Mercado-Silva E, et al. Effect

of chemical elicitors on peppermint (Mentha piperita) plants and
their impact on the metabolite profile and antioxidant capacity of
resulting infusions. Food Chem. 2014;156:273-278.

Karlidag H, Yildirim E, Turan M. Exogenous applications of sal-
icylic acid affect quality and yield of strawberry grown under

antifrost heated greenhouse conditions. J Plant Nutr Soil Sci.
2009;172:270-276

Hayat S, Ali B, Ahmad A. Salicylic acid: Biosynthesis,
metabolism and physiological role in plants, In: Salicylic Acid: A
Plant Hormone. Springer. 2007; pp:1-14.

Dat JF, Lopez-Delgado H, Foyer CH, Scott IM. Effects of salicylic
acid on oxidative stress and thermotolerance in tobacco. J Plant

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Nabizadeh et al., Response of Maize "MV500’ to Heat Stress under SA

Physiol. 2000;156:659-665.

Souri MK, Tohidloo G. Effectiveness of different methods of
salicylic acid application on growth characteristics of tomato
seedlings under salinity. Chem Biol Technol Agric. 2019;6:26.
doi:10.1186/540538-019-0169-9.

Singh B, Usha K. Salicylic acid induced physiological and bio-
chemical changes in wheat seedlings under water stress. Plant
Growth Regul. 2003;39:137-141.

Lichtenthaler HK, Wellburn AR. Determinations of total
carotenoids and chlorophylls a and b of leaf extracts in differ-
ent solvents. Biochem Soc Trans. 1983;11:591-592.

Lutts S, Kinet JM, Bouharmont J. NaCl-induced senescence in
leaves of rice (Oryza sativa L.) cultivars differing in salinity re-
sistance. Ann Bot. 1996;78:389-398.

Ritchie SW, Nguyen HT, Scott Holaday A. Leaf water content
and gas-exchange parameters of two wheat genotypes differing in
drought resistance. Crop Sci. 1990;30:105-111.

Kang HM, Saltveit ME. Chilling tolerance of maize, cucumber
and rice seedling leaves and roots are differentially affected by
salicylic acid. Physiol Plant. 2002;115:571-576.

Aebi H. Catalase in vitro. Methods Enzymol. 1984;105:121-126.

Upadhyaya A, Sankhla D, Davis TD, et al. Effect of paclobu-
trazol on the activities of some enzymes of activated oxygen
metabolism and lipid peroxidation in senescing soybean leaves.
J Plant Physiol. 1985;121:453-461.

Nakano Y, Asada K. Hydrogen peroxide is scavenged by
ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell
Physiol. 1981;22:867-880.

Irigoyen JJ, Einerich DW, Sédnchez-Diaz M. Water stress in-
duced changes in concentrations of proline and total soluble sug-
ars in nodulated alfalfa (Medicago sativa) plants. Physiol Plant.
1992;84:55-60.

Bradford M. A Rapid and sensitive method for the quantifica-
tion of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem. 1976;72(1-2):248-254.

Heath RL, Packer L. Photoperoxidation in isolated chloroplasts:
I. Kinetics and stoichiometry of fatty acid peroxidation. Arch
Biochem Bioph. 1968;125:189-198.

Velikova V, Yordanov I, Edreva A. Oxidative stress and some
antioxidant systems in acid rain-treated bean plants: Protective
role of exogenous polyamines. Plant Sci. 2000;15:59-66.

Bates LS, Waldren RP, Teare ID. Rapid determination of
free proline for water-stress studies. Plant Soil. 1973;39:205.
doi:10.1007/BF00018060.

Salvucci ME. Association of Rubisco activase with chaperonin-
60p: A possible mechanism for protecting photosynthesis during
heat stress. J Exp Bot. 2008;59:1923-1933.

Gupta R. Manganese repairs the oxygen-evolving complex (OEC)
in maize (Zea mays L.) damage during seawater vulnerability. J
Plant Nutr Soil Sci. 2020;20:1387-1396.

Yashavanthakumar KJ, Baviskar VS, Navathe S, et al. Impact of
heat and drought stress on phenological development and yield in
bread wheat. Plant Physiol Rep. 2021;26:357-367.

Kalaji HM, Schansker G, Brestic M. Frequently asked ques-
tions about chlorophyll fluorescence, the sequel. Photosynth Res.
2017;132:13-66.

Ali F, Waters DLE, Ovenden B, et al. Heat stress during
grain fill reduces head rice yield through genotype-dependent
increased husk biomass and grain breakage. J Cereal Sci.
2019;90:102820.d0i:10.1016/j.jcs.2019.102820.

Wahid A, Gelani S, Ashraf M, Foolad MR. Heat tolerance in



https://orcid.org/0000-0002-2449-3984
https://orcid.org/0000-0003-1910-825X
https://orcid.org/0000-0001-7379-2107
https://orcid.org/0000-0002-2289-9710

European Journal of Biology

32.

33.

34.

35.

36.

37.

plants: An overview. Environ Exp Bot. 2007;61:199-223.

Portis AR, Parry MAIJ. Discoveries in Rubisco (Ribulose 1, 5-
bisphosphate carboxylase/oxygenase): A historical perspective.
Photosynth Res. 2007;94:121-143.

Khan W, Prithiviraj B, Smith DL. Photosynthetic responses
of corn and soybean to foliar application of salicylates.
J Plant Physiol. 2003;160:485-492.

Beney L, Gervais P. Influence of the fluidity of the membrane on
the response of microorganisms to environmental stresses. Appl
Microbiol Bio. 2001;57:34-42.

Allakhverdiev SI, Kreslavski VD, Klimov VV, et al. Heat
stress: An overview of molecular responses in photosynthesis.
Photosynth Res. 2008;98(1-3):541-550.

Reddy RA, Kumar B, Reddy PS, et al. Molecular cloning and
characterization of genes encoding Pennisetum glaucum ascor-
bate peroxidase and heat-shock factor: interlinking oxidative and
heat-stress responses. J Plant Physiol. 2009;166:1646—1659.

Karwa S, Arya SS, Maurya S, Pal M. Physiological characteriza-
tion of reproductive stage heat stress tolerance in contrasting rice
genotypes. Plant Physiol Rep. 2020;25:157-162.

How to cite this article

Nabizadeh E, Dolatmand N, Haghshenas M, Ahmadi K.
Physiological and Biochemical Changes of Maize (Zea
mays ‘MV500’) in Response to Heat stress under Lev-
els of Salicylic Acid. Eur J Biol 2023; 82(2): 167-178.
DOI:10.26650/Eur]JBiol.2023.1216574




European Journal of Biology
Eur J Biol 2023; 82 (2): 179-185
DOI: 10.26650/EurJBiol.2023.1316545

RESEARCH ARTICLE

An Investigation into the Phytochemical Content, Antibacterial Effect, and
Antioxidant Capacity of the Ethanol Extract of Salacca wallichiana Mart.
Peels

Tran Thi Cam Thi!, © Nguyen Trung Quan', © Hoang Thanh Chi?, © Bui Thi Kim Ly?

1Vietnam National University, VNU University of Science, Department of Biology and Biotechnology, Ho Chi Minh City, Vietnam
2Thu Dau Mot University, Department of Medicine and Pharmacy, Thu Dau Mot, Binh Duong, Vietnam

ABSTRACT

Objective: Salacca wallichiana Mart. is a prominent fruit-bearing tree distributed in Southeast Asia and used in treating many
diseases and folk remedies. Thus far, only phytochemical composition-related research has been carried out on this plant, while
the other bioactivities retarding its applicability in orthodox medicine have been ignored. Screening for the various bioeffects is
needed to verify the authenticity of the medicinal activities of plants.

Materials and Methods: Following Ciulei separation, the phytochemical contents of the fruit peel extracts were determined. The
antioxidant effect was evaluated by performing the free radical scavenging and potassium ferricyanide-reducing antioxidant power
assays. Agar diffusion and broth dilution methods were used to ascertain the antibacterial capacity, and then the minimal inhibitory
concentration (MICs) and MBCs were calculated.

Results: The results illustrated a robust free radical scavenging but a weak reducing activity. The MIC against Gram-positive
bacteria was <4 mg/mL. The phytochemical composition included tannins and flavonoids, cardiac glycosides, organic acids, and
reducing sugars.

Conclusion: The extracts of S. wallichiana peels demonstrated a potential antioxidant activity along with lethality against Gram-
positive bacteria, which was attributed to the diversity in the contents of secondary metabolites.

Keywords: Salacca wallichiana, antioxidant, phytochemicals, antibacterial.

INTRODUCTION The genus Salacca comprises ~ 20 species, mainly dis-

tributed in tropical areas such as Southeast Asia and the
According to ancient Babylonian records, herbs have beenused o4t of the Himalayas. Salacca wallichiana Mart. grows in
for treating human diseases in the east as far back as 60,000 many Southeast Asian countries, including Thailand, Vietnam,
years ago.! Evidence exists for the identification and use of Malaysia, and Indonesia.”-® This plant has many practical ap-
medicinal plants for treating many remedies throughout the plications, such as food, wood, and medicines.”~? Contrary
history of medicine.? The lack of scientific experiment-based to S. zalacca, S. wallichiana has not been widely researched,
evidence is disadvantageous for folk medicine compared to it Jimited studies and no reports on its bioactivity. Thus,
Western medicine. Scientific development has enormously ihig research aimed to screen the phytochemical composition
facilitated research on plant-based pharmaceutical products,  4pq evaluate the effects of the peel extracts concerning antiox-
providing scientific evidence leading to their acceptance and  qant capacity and antibacterial ability through experiments,
application.’ Many healthcare and pharmaceutical products including qualitative chemical reactions, free radical scaveng-

derlYed . from plant extracts dem0n§trated diverse medical ing, reducing power, disk diffusion, and broth dilution assays.
applications.* Secondary compounds in plants have a great po-

tential for medicinal applications because of their antioxidant,
anticancer, and antimicrobial bioactivities.>-®
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MATERIALS AND METHODS
Plant Materials and Sample Preparation

The fruits of Salacca wallichiana Mart. trees in An Giang
province, Vietnam, were harvested (voucher number AG-2018-
0150). The fruit peels were collected, washed twice, and oven-
dried thoroughly at 40°C. The dried sample was ground into a
fine powder, added with ethanol at a ratio of 1:10 (w/v), and
extracted for seven days.!” The crude S. wallichiana extract
(SWE) was obtained by filtering and rotary evaporating. The
crude extract was weighed and dissolved in DMSO to obtain a
stock solution of 200 mg/mL, which was stored at -20°C until
use.

Phytochemical Detection

The chemical composition of the extract was screened using
the method described by Cuilei (1993).'":!> The SWE was
separated into three fractions with different polarities: water,
ethanol, and diethyl ether, and the secondary metabolites of
each fraction were detected using various reagents and reac-
tions, including Mayer and Wagner reagents for alkaloids;'?
Keller-Kiliani reaction for cardiac glycosides; Fehling’s so-
lution for reducing sugars;'# reducing FeCl; reaction for
polyphenols;!> gelatin reaction for tannins;'® foam forma-
tion for saponins;!” and proanthocyanidins with an acidic
solution. '8

Free Radical Scavenging Evaluation

2,2-Diphenyl-1-picrylhydrazyl [DPPH] (Sigma-Aldrich, USA)
free radical scavenging assay was performed with a slight modi-
fication of the method described by Hatano (1988) to determine
the antioxidant effects of SWEs.!-?0 Different extract concen-
trations were supplemented with the same volume of 0.3 mM
DPPH. After 30 min of incubation at 37°C, the ODs;7 of the
mixture was recorded.

2,2’-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid
[ABTS] (Sigma-Aldrich, USA) radical scavenging assay is
based on forming ABTS cation radicals.?!>> ABTS solution
was prepared by adding a triple volume of 7.4 mM potassium
peroxydisulfate [K,S,0g] (Sigma-Aldrich, USA) into a specific
volume of 2.6 mM ABTS for adjusting the reaction solution. It
was dark-incubated for 16 h, and the OD734 was determined to
be 1.00 = 0.02. For the reaction, 750 pL of the active solution
was added to 150 pL of the extract at varying concentrations,
and the OD734 was ascertained.?’ Then, nonlinear regression
equations were developed to determine the ECsy. Vitamin C
(Sigma-Aldrich, USA) was used as a positive control, and
DMSO as the negative control.

Reducing Power Assay

The potassium ferricyanide-reducing antioxidant power
(PFRAP) assay was carried out using a modified method.??
For this, 1 mL of the extract was diluted with 2.5 mL of
phosphate-buffered saline [PBS, pH + 6.6] (TBR Co., Viet-
nam) and then added with 2.5 mL of 1% potassium ferricyanide
(Sigma-Aldrich, USA). After proper mixing and incubation for
20 min at 50°C, the mixture was added with 10% trichloroacetic
acid (Sigma-Aldrich, USA), and the reaction was allowed for
10 min at room temperature. The supernatant was collected and
diluted with the same volume of water. The solution was sup-
plemented with a-nought-point-1-fold volume of 0.1% FeCl;
(Sigma-Aldrich, USA), and then the OD700 of the teal color
solution was determined.?’ The extract at 0 to 800 pg/mL was
used for testing. Vitamin C was used as a positive control, and
DMSO as the negative control.

Antibacterial Activity

The pathogenic bacteria selected to determine the antibac-
terial effects of the extracts included Staphylococcus aureus
(ATCC 25923 and ATCC 6538), Rhodococcus equi (ATCC
6939), Listeria monocytogenes (ATCC 13932), Escherichia
coli (ATCC 25922), Proteus mirabilis (ATCC 25933), Shigella
sonnei (ATCC 9290), and Salmonella enterica (ATCC 14028).
The bacteria were cultured in tryptic soy broth (Acumedia®,
Neogen, USA) at 37°C overnight. Then, the agar-well diffusion
method was used to determine the sensitivity of the bacterial
species.?* For this, a bacterial solution at 108 CFU/mL was pre-
pared and spread out evenly on the surface of MHA [Mueller
Hinton Agar] (HiMedia, India). After making 6-mm wells, 50
pL of the extract at different concentrations was loaded into
the wells. The plate was incubated at 37°C for 20 h, and the
inhibition zones were then measured. Ampicillin was used as
the positive control.

Investigation of Antimicroorganism Lethality

The bacteria at a density of 10° CFU/mL were co-cultured
overnight with varied concentrations of the extract in MHB
[Mueller Hinton Broth] (HiMedia, India) in a 96-well plate.
Then, 30 pL of 0.02% resazurin (Sigma-Aldrich, USA) was
added to each well and incubated at 37°C for 30 min. The MIC
(minimal inhibitory concentration) was defined as the lowest
concentration of the SWE that maintained the blue color.?’ The
bacteria at a concentration < MIC were seeded into TSA plates
and incubated for ~ 20 h. The MBC (minimum bactericidal
concentration) was identified as the least concentration of SWE
at which the bacterial colony was nonostentatious.




Statistical Analysis

The experiments were conducted in triplicates. The data were
expressed as mean+SD. The statistical analysis was performed
using GraphPad Prism version 9.0.0. The Student’s t-test and
one-way ANOVA combined with Turkey Post-hoc tests were
performed to ascertain the statistical significance of the differ-
ences at P<0.05.

RESULTS

The Diversity in the Secondary Metabolite Content of S.
wallichiana

The medicinal powder was extracted thrice with ethanol. The
average crude mass of 40 g of herbal powder was 2.70 + 0.14 g,
with an average extraction yield of 6.72 £ 0.23%. Triterpenoids
were identified in the diethyl ether fraction. The ethanol and
water fractions revealed a similar composition of polyphenols,
including tannins and flavonoids, cardiac glycosides, organic
acids, and reducing sugars (Table 1).

SWE Scavenged Free Radicals In Vitro

The antioxidant activity was evaluated using an in vitro
model.?® The antioxidant effects of the SWEs were investigated
by conducting the DPPH and ABTS radical scavenging assays
and the ferric-reducing power assay. The proportion of DPPH
and ABTS radicals scavenged reached a peak at 100 pg/mL of
SWEs with the DPPH assay (Figure 1) and 25 pg/mL with the
ABTS assay (Figure 2). The nonlinear regression equation with
R? > 0.97 for the free radical scavenging capacity of SWEs was
established as “Y = 100 x (X!390)/(17.431.306 + [X-390])” and
“Y =100 x (X'.712)/(4.511.712 + [X'.712])” using DPPH and
ABTS assays, respectively. The half maximal effective concen-
tration (ECsg) was 17.43 + 0.92 pg/mL for DPPH scavenging
and 4.51 £ 0.21 pg/mL for ABTS scavenging.

Figure 1. The free radical scavenging ability of the SWEs at 0 to 25 pg/mL as
reflected by the proportion of DPPH neutralized. DMSO and Vitamin C were
used as negative and positive controls, respectively.
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Figure 2. The free radical scavenging ability of the SWEs at 0 to 25 pg/mL
was reflected in the proportion of ABTS neutralized. DMSO and vitamin C
were used as negative and positive controls, respectively.

SWEs Reduced Fe’* to Fe2*

Fe* turns to Fe?* under the action of a reducing agent, causing
the solution to change from green to yellow. The reducing
power of the SWEs was proportional to the concentrations of
the extract (Figure 3), which was much lower compared to the
control, indicating a limitation in participation in the direct
reduction reaction.

Figure 3. The Fe reduction reaction reflects the electron donor capacity of the
SWESs. The reducing power of 0 to 800 pg/mL of the extracts was ascertained
by measuring the reduction of Fe3+ to potassium ferricyanide. DMSO was
used as blank. Vitamin C was used as a positive control.

SWEs Inhibited Gram-Positive Bacteria

The antibacterial activity of the different concentrations of the
SWEs was ascertained using the disk diffusion assay against
Gram-positive bacteria.?* The inhibition zones were measured
(Table 2 and Figures 4 A-D) and positively correlated with
enhancing SWE concentrations of SWEs. L. monocytogens
demonstrated the highest resistance to the SWEs.
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Table 1. The phytochemical composition of the SWEs.

Table 2. The antimicrobial activity of the SWEs is indicated by the inhibition zones (mm).

The SWE concentration (mg/mL) — the inhibition zones (mm)

Organism 0 25 50 100 200
S ““g";”;z’;TCC 0 844+006 9.83+0.01 11.03+£0.17 11.94+0.28
S ““’gg‘;?TCC 0 8.11+006 9.83+0.17 10.83+026 11.78+0.34
R qug"gTCC 0 822+0.11 950+017 1039034 11.28+0.37
L. monocytogenes
ATCC 13932 0 8.50+0.01 8.72+0.15 9.78 £0.15 10.64 +0.31
S. sonnei ATCC
9290 0 0 0 0 0
E. coli ATCC
25922 0 0 0 0 0
P. mirabilis ATCC
25933 0 0 0 0 0
S. enterica ATCC
14028 0 0 0 0 0
Table 3. The MIC and MBC values of the SWEs and ampicillin.
Organism The SWE (mg/mL) Ampicillin (ug/mL)
MIC MBC MIC MBC
S.aureus ATCC 6538 1.875 >30 3.125 3.125
S.aureus ATCC 25923 1.875 >30 6.25 12.50
R.equi ATCC 6939 1.563 >30 3.125 6.25
L.monocytogenes ATCC 13932 3.125 >30 3.125 6.25
MIC Values of the SWE-Sensitive Bacteria DISCUSSION

The MICs were 1.563-3.125 mg/mL, and MBCs were >30  The primary compounds, such as nucleic acids, proteins, car-
mg/mL. Ampicillin was used as a positive control (Table 3 and  bohydrates, and lipids, play an essential role in plant sur-
Figure 4E).
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Figure 4. The antibacterial effects of the SWEs against Gram-positive bacteria were determined by the agar diffusion and broth dilution tests. The diameters of
the zones of inhibition against S. aureus ATCC 25923 (A), S. aureus ATCC 6538 (B), L. monocytogens ATCC 13932 (C), and R. equi ATCC 6939 indicated as a

graph (E). **P value < 0.002; ***P value < 0.001.

vival, unlike secondary metabolites, which vary from species
to species.?’-?® Many function as cell signaling agents, luring
insects or animals for pollination and seed dispersal, and in
determining flower color.”® Based on their chemical structure
and functional groups, secondary metabolites directly interact
with the cells via cell membranes, proteins including receptors,
and nucleic acids, exhibiting a wide range of pharmacological
properties such as robust antioxidant activity.>” The discovery
of secondary metabolites in plant extracts holds promise for ap-
plying their bioactivities, which can contribute to plant-based
medical research.’® The phytochemicals were extracted into
three fractions based on polarity, using diethyl ether, ethanol,
and water according to the previous method.!!-!> Based on the
solubility of the types of phytochemicals, appropriate chemical
reactions were used to detect their presence. Research on the
chemical composition of S. wallichiana and related plants is
limited. One report indicated the presence of flavonoids, alka-
loids, tannins, terpenoids, and quinones in Salacca edulis fruits,
while another detected quercetin and chlorogenic, gallic, cafeic
acids in the extracts of S. edulis fruit peels.’!-3> Monogalacto-
syl diacylglycerols, triacylglycerols, p-sitosterol, p-sitosteryl-
3B-glucopyranoside-6’-O-fatty acid esters, p-sitosterone, stig-
masterol, linoleic acid, lupenone, and taraxerol were isolated
from different parts of S. wallichiana.”®

The antioxidant capacity of the plant extracts is contributed
by the free electrons and atomic H donation by the secondary
metabolites.>> The term “free radical” was first suggested in
the 1950s to refer to the oxidizing radicals formed during cel-
lular activity and as the products of certain enzyme-catalyzed
reactions.** A balance between antioxidants and free radicals in
the body is always maintained.’> However, when the contents
of free radicals increase, it causes an imbalance, leading to
oxidative-state-related stress.>® The overaccumulation of free

radicals causes various damages to cellular components such
as membranes, DNA, and proteins, leading to diseases such as
degenerative neurological, heart-related, cancer, and other dis-
eases in humans.?”-3® Secondary metabolites such as polyphe-
nols, flavonoids, and others have potent antioxidant capacity.>®
The ECs( values obtained by the two methods were statistically
different, and the extracts were much more effective on ABTS
radicals than on DPPH. Compared to ABTS radicals, DPPH
radicals were less sensitive due to their inability to completely
react with slow-acting antioxidant agents and their susceptibil-
ity to environmental conditions such as solvents and pH due
to phenol oxidizing activity.** An ECso of <10 pg/mL for the
ABTS radicals suggested that the radical scavenging activity
of the total peel extracts was highly efficient; hence, further
research is needed.*! The ECsq of the free radical scavenging
ability of the peel- and seed-extracts of S. zalacca were 6.4
+ 1.8 ng/mL and 28.9 + 4.7 ng/mL, which was quite similar
to the results obtained in this study.*> Moreover, the antiox-
idant capacity of SWEs was higher when compared to other
well-known plants, such as green tea (C. sinensis), with ECs
values of 3.94 —6.67 ng/mL.* During a redox reaction, a re-
ducing agent donates electrons.** Hence, an indirect method
was used to assess the reducing properties of the extracts to
evaluate their antioxidant activity.* Fe>* are potent oxidizing
agents that readily participate in redox reactions and are of-
ten used to qualitatively determine the reducing activities of
phytochemicals.**’ The PFRAP assay is based on the reduc-
tion of Fe* in potassium ferricyanide to Fe>* catalyzed by an
antioxidant agent>}, which demonstrated the reducing ability of
the extracts attributed to the presence of secondary metabolites.

The susceptibility of bacteria to treatment with SWEs was
determined based on the diameter of the inhibition zones; with
a broader diameter indicating an enhanced sensitivity. Phyto-
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chemicals possess a potent antibacterial activity, which holds
enhanced promise for the applicability of SWEs due to the de-
tection of diverse chemical constituents.*® This study showed
that SWEs were toxic to Gram-positive bacteria. The outer
membrane is unique in Gram-negative bacteria, forming a pro-
tective barrier that prevents the entry and permeation of hy-
drophilic agents. Therefore, drug resistance in Gram-negative
bacteria is higher than in Gram-positive bacteria.*” The agar
diffusion assay indicated that the species were susceptible to
SWE:s further used for the broth dilution assay. The broth di-
lution method was the secondary screening assay that allowed
for the determination of the MICs and MBCs. The bacteria cul-
tured in MHB were exposed to the extracts added with 0.02%
aniline resazurin and further subcultured on MHA to determine
the MBC. Growth inhibition and lethality against bacteria indi-
cated the antimicrobial activity of the SWEs. S. zalacca showed
moderate antibacterial activity with inhibitory zone diameters
of 7.31 £ 0.82 mm and 7.17 = 0.86 mm for S. aureus and S.
typhi, respectively®® and also on the Gram-negative bacteria,
E. coli, with an inhibition zone of 5.96 + 1.45 to 8.13 + 0.40
mm. 5132

CONCLUSION

The phytochemical screening revealed that the SWEs contained
terpenoids and polyphenols, including tannins and flavonoids,
cardiac glycosides, organic acids, and reducing sugars, con-
tributing to potent antioxidant and antibacterial effects. The
antibacterial effects of SWEs were observed against Gram-
positive bacteria with MIC values <4 mg/mL.
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Bacterial Biodiversity of the Kapova Karst Cave as a Source of Hydrolases
Producers
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ABSTRACT

Objective: Recent studies have revealed the biodiversity of both cultivated and uncultivated microbiomes in extreme environments.
It has been shown that terrestrial subsurface ecosystems contain vast metabolic potential. Heterotrophic bacteria living in karst
caves with an organic substrate deficit represent a special reserve for the isolation of metabolite producers. Here, we cultivated
a bacterial community collected from biofilms in Kapova Cave (Shulgan—Tash Nature Reserve, Bashkortostan), and assessed its
ability to synthesize secreted hydrolytic enzymes including RNases, proteases, and amylases.

Materials and Methods: Isolated bacteria were identified by V3-V4 16S rRNA region sequencing. Enzymatic activities were
assessed by measuring transparency zones around colonies grown on the appropriate substrate (RNA, casein, starch). Functional
profiles of the communities were predicted using the Global Mapper module on iVikodak. Taxonomic, structural, and compositional
diversity were calculated using Shannon—Wiener and Bray—Curtis indices.

Results: Eighty-nine percent of 102 bacterial isolates were Proteobacteria, whereas other isolates were divided into three
other phyla, Actinobacteria, Firmicutes, and Bacteroidetes that comprised 5%, 4%, and 2% of the isolates, respectively. Genus
Pseudomonas was predominant with 42 isolates. Six isolates showed no extracellular enzymatic activity at all, 73 isolates expressed
protease, 57 isolates expressed amylase, and 71 isolates had RNase activity. All three extracellular enzymes were expressed by 39
isolates.

Conclusion: The biodiversity of cultivated microbiota from Kapova Cave was characterized. Bacteria that produce large amounts
of protease, RNase and amylase were identified as Stenotrophomonas rhizophila, Lysinibacillus fusiformis, and Pseudomonas
stutzeri, respectively.

Keywords: Karst cave, biodiversity, cultivated bacteria, RNase, protease, amylase

INTRODUCTION paintings, and mineral deposits are prone to microbial damage,
particularly during unregulated tourist visits. For example, only
tourists have changed Morca Cave in Turkey after only a few
years. Once dominated by Thermoplasmata (Euryarchaeota),
Gammaproteobacteria and Alphaproteobacteria, the cave now
features more bacteria belonging to Bacilli and Bacteroidia.?
Therefore, understanding the microbial diversity in caves is

a prerequisite to cave conservation, restoration, and safe cave

Karst caves are underground cavities that encounter the earth’s
surface or are closed. They form as rainwater seeps into sol-
uble rocks like limestone or gypsum. These nutrient-limited
ecosystems feature constant low temperature, high humidity,
darkness, low pressure, and low oxygen concentration. Caves
create their own microclimatic and physicochemical conditions,

giving rise to living organisms that exist in relative isolation
from surface ecosystems. Comparative metagenomic analysis
shows that cave microbial communities are specialized terres-
trial communities that differ from communities found in oceans,
soil, or the rhizosphere.! The poorly characterized microbial
world found in caves is a potential source of antimicrobial and
anticancer drugs” as well as microorganisms that produce novel
agents. However, caves containing fossils, artifacts, Paleolithic

tourism. It is believed that microbes in caves are most active
on rocky surfaces, as most caves lack a significant layer of soil
and sediment. In addition, microorganisms constantly move be-
tween the walls of the cave and sediments. Removing microbial
groups from walls is often futile because soil and sediments are
reservoirs of these microbial groups.*

These microorganisms not only should be preserved but also
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may secrete novel enzymes that can be used in industry, agri-
culture, and medicine.

Shulgan—Tash (or Kapova) Cave is located in the basin of the
Belaya River in the Southern Urals within the Shulgan—Tash
State Nature Reserve of the Republic of Bashkortostan; this
karst cave is known worldwide for its rock art dating back
to the Upper Paleolithic.’> Seventeen main morphotypes have
been identified in Kapova Cave. Communities isolated from
the walls of the aphotic part of the cave include prokaryotes
(bacteria, including Actino- and Cyanobacteria) and eukary-
otes (yeasts and microscopic fungi).® Both metagenomics and
traditional culturing methods have been performed to identify
representatives belonging to Proteobacteria, Actinobacteria,
Firmicutes, Nitrospirae, Bacteroidetes, Verrucomicrobia and
Acidobacteria phyla as well as to isolate new Pseudomonas
strains.”

Although karst caves present similar oligotrophic habi-
tats, their microbial communities differ and are poorly un-
derstood. The bacterial taxa of Kapova Cave and the karst
caves of China are dominated by two phyla, Proteobacteria and
Actinobacteria.8~1° In the Oylat Cave in Turkey, Proteobacteria
dominate, followed by Actinobacteria, Acidobacteria, and
Nitrospirae.'' In Pertosa—Auletta Cave in southern Italy,
Proteobacteria and Acidobacteria, dominate, followed by

Actinobacteria.\2

Elucidating the biodiversity of karst caves serves will in-
form the future discovery of useful microbial metabolites. Mi-
croorganisms secrete enzymes that benefit industry, agricul-
ture, and medicine. For example, proteases are widely used in
the food, leather, and feed industries as well as the production
of detergents.'> As proteases are degradative enzymes with
high specificity and selectivity,'* they can be used to process
waste and optimize detergents. Moreover, proteases are widely
used in medicine to treat burns, carbuncles, and wounds.!?
Amylase comprises approximately 25% of the world enzyme
market!> and is widely used in food applications like baking and
brewing.'® Extracellular bacterial RNases are also promising
antiviral'’~2% and antitumor enzymes.?! =2

Thus, work aimed to characterize the bacterial community
collected by scraping visible colonies or biofilms from the walls
of Kapova Cave and assess the ability of isolates to synthesize
secreted hydrolytic enzymes, namely RNases, proteases, and
amylases.

MATERIALS AND METHODS
Sampling Sites

Kapova Cave is located in the Shulgan—Tash State Nature Re-
serve of the Bashkortostan Republic; it was formed in a karst
massif on the right slope of the river valley and is composed
of massive limestones of the Viséan stage of the Lower Car-

Kurdy et al., Kapova Cave Biodiversity

boniferous. The cavity lies in the limestones of the lower part
of the Carboniferous period. The cave is a weakly branched,
three-story, gallery-type cavity that is 3328 m long, of which
782 m are underwater cavities.” Here, we used material col-
lected by the Laboratory of Extreme Biology of Kazan Federal
University in July 2019. Seven samples of visible colonies or
biofilms were sampled from walls of different areas of the cave,
whose locations are indicated in Figure 1.

Figure 1. Kapova cave map with sampling locations labeled 1-7.

Pure Bacterial Culture Isolation

Samples were thoroughly mixed in 0.2 ml of a 0.5% NaCl so-
lution and diluted tenfold in triplicate to minimize the bacterial
count to use as an inoculation source. To isolate individual bac-
teria, inoculations, both deep and surface, were sewn on Luria-
Bertani (LB), Reasoner’s 2A (R2A) medium, and Gauze agar
media to capture a spectrum of bacteria from the inoculates. LB
is a nutrient-rich medium commonly used to cultivate bacte-
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ria, especially members of Enterobacteriaceae. R2A Agar is a
low-nutrient medium that stimulates the growth of stressed and
chlorine-tolerant bacteria at lower incubation temperatures and
longer incubation times. Gauze agar media is used to cultivate
Actinomycetes. Here, microorganisms were cultivated at 30° for
48 h. To obtain pure cultures of microorganisms, colonies with
similar morphologies were chosen for subsequent culture us-
ing the streak plate method on the appropriate medium twice to
check colony purity. Pure cultures were stored in a 10% glycerol
solution and frozen at -80°C.

16s rRNA Sequencing

A total of 102 bacterial pure cultures were identified ac-
cording to their V3-V4 16S rRNA region sequence. Bac-
terial biomass was collected and placed in a 100°C hot
bath for 5 min to disrupt cell integrity. V3 to V4 regions
of 16S rRNA genes were then amplified using universal
primers (515F and 806R), and an individual index was lig-
ated for labeling isolates. The forward primer sequence was
5’-GTGCCAGCMGCCGCGGTAA-3’, and the reverse primer
sequence was 5’-GGACTACHVHHHTWTCTAAT-3’.2% Reac-
tion mixtures (10 pl) comprised 5 pl Hot Start High-Fidelity 2X
Master Mix (BioLabs, New England), 0.5 pl primer mix with
5 pM forward and reverse primers, 2 pl gDNA, and 2.5 pl H,O
were used for amplification. The PCR cycles were as follows:
(a) 95°C for 5 min; (b) 40 cycles, within each cycle 95°C for
30 s and 60°C for 30 s; and (c) 4°C hold. The concentration of
DNA was determined using a Qubit 3.0 fluorometer (Life Tech-
nologies, USA) and calibrated to 50 ng/ml. Agencourt AMPure
Beads (Beckman Coulter, USA) were used to clean the DNA ac-
cording to the manufacturer instructions. Sequencing was per-
formed with the MiSeq system (Illumina, USA) using paired-
end 2 x 300 (for 16S rRNA genes). Resulting sequences were
compared to the NCBI genomic database using the BLAST al-
gorithm for nucleotides (BLASTn).>> A maximum-likelihood
phylogentic tree was created using MEGA-X software.?®

Isolates with the highest metabolic activity were selected
for further sequencing of the nearly full-length 16S rRNA
gene following the previously described protocol with
some modifications. The V1-V9 regions of the 16S rRNA
gene were amplified with the following primers: forward
primer (S-D-Bact-0008-c-S-20) with anchor sequence 5’-
TTTCTGTTGGTGCTGATATTGCAGRGTTYGATYMTGGC
TCAG-3’ and reverse primer (1492R) with anchor sequence 5’-
CTTGCCTGTCGCTCTATCTTCCGGYTACCTTGTTACGA
CTT-3".%

Hydrolase Activity Measurement

Bacteria were screened for their ability to synthesize secreted
ribonucleolytic, proteolytic and amylolytic enzymes on the fol-
lowing synthetic media, respectively:

(a) Phosphorus-free medium (pH = 8.5, 1L) of the following
composition (g/L): Tris basic (hydroxylmethylaminomethane):
6.05; KCI: 5.0; NaCl: 1.0; (NH4),SOy: 2.0; NayCqHsO5: 1.0;
agar-agar: 20.0. Separately prepared: MgSQO,.7 H,O: 2 g/100
ml; yeast extract: 5 g/100 ml. Both solutions were added to the
medium under sterile conditions at a rate of 10 ml/L. Before
inoculation, a 40% sterile glucose solution was added to the
medium at a rate of 12.5 ml/L as well as yeast RNA (Vector,
Novosibirsk, Russia) to a final concentration of 5 mg/mL.

(b) A medium containing (g/L): yeast extract: 5.0; casein: 5.0;
NaCl: 5.0; agar-agar: 20.0 (pH = 6.5).

(c) Nutrient agar supplemented with 8 g/L starch (pH = 6.8).

Bacterial cultures were sown on Petri dishes with three types
of medium (a, b, ¢) and cultivated for 18 h at 30°C. Hydro-
lase activities were assessed by measuring the transparent re-
gion surrounding the colonies grown on the appropriate sub-
strate (RNA, casein, starch) after the dishes were flooded with
a 5% solution of 1 N HCI (colonies grown on medium a),
trichloroacetic acid (on medium b), or Lugol’s iodine solu-
tion (medium c) to visualize the hydrolysis zones. Jeffris et
al. 27 used this method to assess RNase activity based on the
size of clearance zone corresponding to extracellular enzymes
production but not colony size, which we measured to measure
different bacterial colonies as described by Price et al. for phos-
pholipase activity detection.?® Therefore, the hydrolase activity
coeflicient of a bacterial isolate was calculated as the ratio of
the colony radius including the transparent zone surrounding it
to the radius of the colony itself. The absence of a lysis zone
surrounding colonies corresponds to the absence of secreted
hydrolase. Larger transparent zones yield greater hydrolase ac-
tivity coefficients expressed in conventional units; coeflicients
of 1, 1.5, and 2 indicate no extracellular hydrolase activity,
medium activity, and high activity, respectively.

Prediction of Functional Profiles

Functional profiles of the communities were assessed using
the Global Mapper module on iVikodak.”® Values acquired
represent the relative abundance of functional genes according
to KEGG.

Statistical Analysis

Alpha diversity was assessed by two measures: taxonomic
structural diversity using the Shannon—Wiener index and tax-
onomic compositional diversity. The Shannon—Wiener Index
(H) was calculated using the following formula using Excel
software:

H=-4 Pi (]l’lPi),

where P; is the proportion of individuals belonging to the i-th
genera in the dataset of interest.




To assess compositional taxonomic beta diversity, the
Bray—Curtis index® was calculated as follows:

BCij= 1- (ZCU/(S, + Sj)),

where C;; is the sum of values only for common genera between
two sampling sites; S; and S; are the number of isolates counted
at sites i and j individually.

RESULTS
Taxonomic Identification of Bacterial Isolates

Of the 102 bacteria isolated from Kapova Cave, 99 were iden-
tified at the genus or family level according to their V3-V4
16S rRNA region sequences. 89% are members of the phy-
lum Proteobacteria, whereas the others comprise three other
phyla, Actinobacteria, Firmicutes, and Bacteroidetes, account-
ing for 5%, 4%, and 2% of the isolates, respectively (Figure
2). The composition of microbial communities did not signif-
icantly differ across sampling points. Two isolates were iden-
tified only at the family level as Burkholderiaceae and Enter-
obacteriaceae (Figure 3). These isolates are included in the
phylogenetic tree at this level (Figure 4). Representatives of
the genera Pseudomonas were predominant, with 42 isolates
(Table 1).

Figure 2. Distribution of bacterial isolates from Kapova cave according to
phyla.

Diversity and Potential Functional Activity of Bacteria
from Kapova Cave

Sample 7 had the best index of equally represented genera,
followed by samples 6 and 1 (Table 2). The Bray—Curtis index
of beta diversity ranges from 0 (when communities share the
same isolates or phylogenetic lineages) to 1 (when communities
do not share common phylogenetic lineages). Table 3 shows that
samples 1 and 2 differ significantly from the rest of the samples.

Functional characteristics of the bacterial community from
all seven samples were predicted using the Global Mapper mod-
ule in the iVikodak software. The relative abundance of various
metabolic pathways was considered, particularly those related
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to antimicrobial resistance, xenobiotic destruction, metabolism,
and secretory systems. Figure 5 reveals that the community can
metabolize different substrates and harbors antibiotic resistance
genes.

Enzymatic Activity of Isolates

Six isolates showed no enzymatic activity (amylase, protease,
RNase), whereas 73, 57, and 71 isolates expressed protease,
amylase, and extracellular RNase activity, respectively. Thirty-
nine isolates expressed all three extracellular enzyme activities
(Figure 6).

Genera with the highest protease activity were Pseu-
domonas,  Stenotrophomonas, Bacillus, Acinetobacter,
and Yersinia. Genera with the highest RNase activity were
Pseudomonas, Bacillus, Yersinia, Acinetobacter, Lysinibacillus,
Polaromonas, and Caulobacter. Genera with the highest amy-
lase activity were Pseudomonas, Serratia, Yersinia, and
Acinetobacter.

Isolate 7 had the highest protease activity and was identi-
fied as Stenotrophomonas rhizophila (99.5%). Isolate 27 had
the highest RNase activity and was identified as Lysinibacillus
Susiformis (99.3%). Isolate 1 had the highest amylase activ-
ity and was identified as Pseudomonas stutzeri (99.0%). The
genus Pseudomonas is a prolific producer of several extracellu-
lar enzymes, including amylase,?!+3> which is among the most
important enzymes for biotechnology. '3

DISCUSSION

Karst caves are extreme environments brimming with biodiver-
sity; their food web structure,?? diverse flora,>* and influence of
heavy metal enrichment are widely studied in China.>> Further-
more, 40% of Turkey’s surface area consists of soluble rocks
(limestone, dolomite, and gypsum) suitable for karstification.3
However, the biodiversity of Kapova Cave in the Urals is poorly
characterized. Previous studies have estimated the microbial
count (1.4 x 103-2.1 x 10> CFU/mL) in Kapova Cave and the
possible origin of its microbiota.® Emerging technologies like
high-throughput sequencing and bioinformatics have enhanced
our understanding of microbial diversity.3” Recent studies have
revealed bacterial diversity in caves in Australia, China, Italy,
Spain, Turkey, and the United States,*38~4? most of which are
dominated by nine groups of domain Bacteria: Proteobacteria,
Acidobacteria, Planctomycetes, Chloroflexi, Bacteroidetes,

Gemmatimonadetes, Firmicutes, Nitrospirae, and
Actinobacteria, as well as domain Archaea.’8:*2=% The
dominant phylum of Kapova Cave, the karst caves in China,
and Oylat Cave is Proteobacteria, 8~'! whose members are
Gram-negative bacteria. Environmental conditions in karst
caves such as humidity and the presence of organic nutrient sub-
strates likely promote the development of non-spore-forming
bacteria. Yet the predominant species in the Yarik Sinkhole in




European Journal of Biology

Figure 3. Number (N) of identified bacterial isolates. *Isolate identified only to the family level.

Turkey are Acinetobacter lwoffii, Methylobacterium tardum,
and Propionibacterium acnes.* Although the bacteria were
sampled during initial exploration, this composition suggests
that nearby residents are harming the microbial diversity of
the cave. In addition to preserving biodiversity, discovering
new and potentially useful bacteria warrants further studies
on the diversity of cultivated microorganisms. For example,
more than a half of 290 Actinomycetes isolates from rock
wall and speleothem surfaces of 19 karst caves in Turkey
demonstrated antimicrobial activity against antibiotic-resistant
bacteria. Strain Streptomyces sp. 1492 exhibited bacteriostatic
or bactericidal activity against methicillin-resistant Staphylo-
coccus aureus, vancomycin resistant Enterobacter faecium,
and Acinetobacter baumanii at bactericidal concentrations
lower than that of streptomycin.*

Among the isolates collected in this study, Stenotrophomonas
rhizophila (isolate 7) expressed high levels of protease. This
species was also found in the Herrenberg cave in Germany,
though it is a plant-associated bacterium*’, as well as in semi-
confined caves.*® Stenotrophomona produces keratinases, ex-
tracellular proteases, and chitinases.*® Unlike S. maltophilia,
S. rhizophila cannot proliferate at 37°C and is therefore not
pathogenic.

The isolate with the highest RNase activity (isolate 27)

was identified as Lysinibacillus fusiformis. The Lysinibacillus
genus, unlike Bacillus, contains peptidoglycan with lysine,
aspartic acid, alanine, and glutamic acid.’® Despite sharing
many traits with Bacillus, Lysinibacillus is poorly character-
ized. New Lysinibacillus strains were recently isolated from
a soil in karst caves in Libo County’' and Xingyi county
in China.>> In vitro and in vivo assays showed that strain
Lysinibacillus S4C11 exerts antifungal activity against various
pathogens.’® Similarly, an antifungal protein with RNase
activity isolated from Bacillus subtilis inhibited mycelial
growth in Magnaporthe grisease, Sclerotinia sclerotiorum,
Rhizoctonia solani, Alternaria oleracea, A. brassicae, and
Botrytis cinerea.>* Bacillar RNases are well-known as antitu-
mor >3 and antiviral >® agents. Our research shows the potential
of microbial genera other than bacilli to secrete RNases that
may foster the discovery of new RNases to combat tumors,
viruses, and pathogenic fungi.

Among bacteria, active producers of amylases include some
bacilli like B. macerans, B. polymyxa, B. subtilis, and B.
stearothermophilus.'> Bacterial extracellular proteases and
RNases are also predominantly synthesized by members of
the genus Bacillus.>’ Although microorganisms including
Bacteroides bivius, Bacteroides melaninogenicus, Bacteroides
fragilis, Staphylococcus aureus, Staphylococcus epidermidis,
Pseudomonas aeruginosa, Proteus sp., and Propionibacterium
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Figure 4. Phylogenetic tree of the isolated bacteria. Isolates with identical 16S rRNA sequences are represented only once.

Figure 5. Functional profile of the bacterial community of Kapova cave. Functional abundance represents the number of genes responsible for functions.




European Journal of Biology

Table 1. Identification of analysed isolates based on their 16s rRNA gene sequences.

No Taxon No Taxon No Taxon

1 Pseudomonas stutzeri 35  Pseudomonas 69 Pseudomonas

2 Pseudomonas 36  Yersinia 70 Pseudomonas

3 Pantoea 37 Yersinia 71 Pseudomonas

4 Pseudomonas 38 Non identified 72 Pseudomonas

5 Pseudomonas 39  Pantoea 73 Pseudomonas

6 Pseudomonas 40  Pantoea 74 Polaromonas

7 Stenotrophomonas rhizophila 41  Pseudomonas 75 Pseudomonas

8 Yersinia 42 Brevundimonas 76 Pseudomonas

9 Yersinia 43 Pseudomonas 77 Advenella

10 Yersinia 44 Pantoea 78 Pseudomonas

11 Achromobacter 45 Stenotrophomonas 79 Pseudomonas

12 Entero bacteriaceae 46  Pseudomonas 80 Pedobacter

13 Pseudomonas 47 Stenotrophomonas 81 Massilia

14 Acinetobacter 48  Stenotrophomonas 82 Advenella

15 Micrococcus 49  Yersinia 83 Lysinibacillus

16 Acinetobacter 50  Yersinia 84 Stenotrophomonas
17 Pseudomonas 51 Yersinia 85 Stenotrophomonas
18 Pseudomonas 52 Yersinia 86 Stenotrophomonas
19 Pseudomonas 53 Achromobacter 87 Flavobacterium
20 Burkholderiaceae 54 Acinetobacter 88 Pseudomonas

21 Burkholderiaceae 55  Acinetobacter 89 Non identified

22 Pseudomonas 56  Acinetobacter 90 Pseudarthrobacter
23 Pseudomonas 57  Acinetobacter 91 Pseudomonas

24 Bacillus 57  Yersinia 92 Pseudomonas

25 Pseudomonas 59  Acinetobacter 93 Pseudomonas

26 Pseudomonas 60  Burkholderiaceae 94 Streptomyces

27 Lysinibacillus fusiformis 61  Pseudarthrobacter 95 Brevundimonas

28 Pseudomonas 62  Microbacterium 96 Non identified

29 Pseudomonas 63 Acinetobacter 97 Pseudomonas

30 Pseudomonas 64  Pseudomonas 98 Pseudomonas

31 Lysinibacillus 65  Variovorax 99 Luteimonas

32 Lysinibacillus 66  Pseudomonas 100 Pseudomonas

33 Pseudomonas 67  Pseudomonas 101 Brevundimonas

34 Pseudomonas 68  Variovorax 102 Brevundimonas

Table 2. Alpha diversity indices: R is the number of genera, Shannon-Wiener
index is genera distribution uniformity.

acnes produce various proteases,

Table 3. Bray Curtis index of beta diversity: samples dissimilarity.

58

they are pathogenic, and

therefore, not suitable for industrial enzyme production. Thus,
the isolate Pseudomonas stutzeri (number 1) with high amylase
activity is promising.
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Figure 6. Hydrolytic activity of bacteria isolated from Kapova cave. Hydrolase activity coefficient of a bacterial isolate was calculated as the ratio of colony radius
including transparency zone around it to radius of the colony itself. The absence of a lysis zone surrounding colonies indicates the absence of secreted hydrolase.
Isolate numbers are circumscribed. Enzymatic activity coefficient value A equals to 1 and is interpreted as isolates not having extracellular hydrolase activity, and

value B equals to 2 and is interpreted as possessing high activity.

CONCLUSION

The biodiversity and the ability of bacterial heterotrophic com-
munities harvested from seven biofilms on the walls of Kapova
Cave to synthesize secreted hydrolytic enzymes, namely
RNases, proteases, and amylases, were explored in this study.
Most isolates (89%) belonged to the phylum Proteobacteria,
and others belonged to three other phyla: Actinobacteria (5%),
Firmicutes (4%), and Bacteroidetes (2%). A total of 102 isolates
were identified based on sequencing of the V3-V4 16S rRNA
gene; among them, 42 belonged to the genus Pseudomonas.
All three extracellular enzymes were expressed by thirty-nine
isolates, and only six of them showed no enzymatic activ-
ity. Bacteria producing the highest level of protease, RNase,
and amylase were identified as Stenotrophomonas rhizophila,
Lysinibacillus fusiformis, and Pseudomonas stutzeri, respec-
tively. Overall, these results highlight the importance of dis-
covering microbials that may produce compounds that help
develop novel therapeutic and biotechnological agents.
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ABSTRACT

Objective: Metformin, a well-known anti-diabetic drug and a caloric restriction mimetic, seems to attenuate aging through myriad
cellular processes, wherein most of its mode of action is still elusive. Thus, bioinformatic analyses that might direct experimental
studies are crucial. Moreover, uncharacterised proteins with unknown molecular functions might withhold information regarding
metformin’s mode of action. Here, we aimed to elucidate genes encoding uncharacterised proteins that are somehow involved in
metformin metabolism and elaborate their involvement through functional annotation to reveal novel cellular processes in which
metformin interferes.

Materials and Methods: Total RNA isolation was conducted from Schizosaccharomyces pombe wild-type cells that were grown in
standard and overnutrition conditions. Following the gene expression analysis of the uncharacterised proteins, the bioinformatics
analysis of the up- and down-regulated uncharacterised proteins upon metformin treatment in both was conducted using the
functional annotator called PANNZER?2.

Results: Genes that might be related to cellular processes such as meiosis, protein folding, calcium homeostasis, and heme
production are up- and down-regulated upon metformin treatment. Moreover, the up-regulation of apoptosis and antioxidation-
related genes and the down-regulation of mitosis, DNA damage, apoptosis, mitochondria, and telomere-capping-related genes
were also determined.

Conclusion: We effectively identified associations between metformin and a wide range of cellular processes and genetic mecha-
nisms through the comprehensive annotation of uncharacterised genes. Our findings are consistent with the literature, and many
of these uncharacterised proteins could be used as targets for research into aging in the future.

Keywords: Metformin, Aging, Uncharacterized Proteins, Schizosaccharomyces pombe

INTRODUCTION tremely important. Thus, it became the first drug to be tested for

its anti-aging effects in the large clinical trial- TAME (Targeting
Aging is defined as a gradual deterioration of physiological Aging by Metformin) study (visit https://www.afar.org/tame-
integrity that diminishes the function at molecular, cellular,  1j,)). Since it lowers blood glucose levels, metformin has been
tissue, and systemic levels and increases the tendency of mor- <o d for nearly 65 years to treat type-2 diabetes. In addition to
tality. A majority of serious human pathologies, such as cancer, s anti-diabetic properties, it has also been found to be effective
diabetes, cardiovascular problems, and neurological diseases  j, the treatment of cancer, neurological diseases, and biological

. . . . . 1 . .
are at high risk owing to this degradation.” Although aging is  ,0ino Tt is also helpful for treating coronary heart disease by
not considered a disease in itself, it is undeniable that it is the inducing weight loss and improving cholesterol levels.2—4

main cause of many age-related diseases. ) ) ) )
Metformin delays aging by regulating adenosine

To date, many chemicals and compounds that contribute to monophosphate-activated protein kinase (AMPK), en-
the healthy prolongation of the life span of various organ-  jothelial nitric oxide synthase (eNOS)/cyclic guanosine
isms have been identified. Since they contain unique properties monophosphate (cGMP) and phospho-myosin light chain

that affect nine hallmarks of aging, one of these compounds,  {;pace (p-MLCK) actin remodelling pathways, decreasing
metformin (N,N-dimethylbiguanide), has been identified as ex-
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insulin receptor substrate 2 (IRS2) and insulin-like growth
factor 1 receptor (IGF1R) in neurons, reducing the buildup of
the advanced glycation end products (AGEs), reducing reactive
oxygen species (ROS) levels in mitochondria, inhibiting
oxidative stress, balancing protein homeostasis, and enhancing
autophagy by inhibiting the target of rapamycin (mTOR)
signaling pathway.’ The anti-aging effects of metformin
can be used to treat age-related diseases through regulating
nutrition sensing. It is effective in treating certain hallmarks
of aging, such as DNA damage, the production of ROS,
telomere attrition, inflammation, cellular senescence, stem
cell depletion, and autophagy.* In various model organisms
such as mice and Caenorhabditis elegans, it has been demon-
strated that metformin extends lifespan through interacting
with myriad metabolic pathways.®~® In a recent study, the
autophagy-inducing effect of metformin was shown to delay
muscle aging in Drosophila melanogaster adults.® Seylan
and Tarhan'® report that metformin significantly extends
Schizosaccharomyces pombe (S. pombe)’s chronological
lifespan (CLS) by mechanisms resembling those identified
in mammalian cells and other model organisms. It was
demonstrated that metformin increases the production of
ROS, glucose uptake, and adenosine triphosphate (ATP)
synthesis while decreasing oxidative stress markers such as
lipid peroxidation and carbonylated proteins.'°

Proteins must have accurate functional annotations for bi-
ological research to be successful. Unfortunately, functional
characterisation or empirically confirmed annotations are ab-
sent from the great majority of protein sequences.'! If a pro-
tein’s role and relevance in cellular processes are not completely
comprehended or annotated, it is said to be uncharacterised.!?
The most accurate technique to characterise proteins with un-
known activity is by experimental determination of protein
function, however with so many potential uses for a protein, it
can be challenging to decide which functional research to priori-
tise. Several computer methods for protein function prediction
have been developed to assist experimentalists.'®> A significant
fraction of these proteins lack human analogues and may serve
as a valuable source for new antibacterial drug targets.'*

Sequence homology is a common method for predicting pro-
tein function since it assumes that proteins with similar amino
acid sequences should have comparable functions. To search
a database of known amino acid sequences and their func-
tions, early methods used sequence search tools like BLAST
or DIAMOND.!>-16 The main drawback of these approaches is
that they are constrained by the databases they use; annotation
errors may occur, and it is sometimes challenging to establish
a suitable threshold for transferring protein function, leading
to low specificity and sensitivity.!” Researchers have been able
to investigate machine learning algorithms that are data-driven
because of the improved data availability. In the early days
of function prediction, supervised machine learning models
like neural networks (NNs), support vector machines (SVMs),
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or k-nearest neighbour (KNN) methods were employed to ex-
tract characteristics from the sequence of interest.' ' Multiple
Gene Ontology (GO) predictors are implemented within the
Protein ANNotation with Z-scoRE (PANNZER?2), and they all
are based on enrichment statistics of the sequence neighbour-
hood that the authors of the publication referred to as scoring
functions.'® Although score calculation differs from one scor-
ing function to another, they all accept the same filtered se-
quence neighbourhood as an input. The authors state that the
PANNZER?2 uses the ARGOT scoring function by default, as it
performs best. Likewise, the same filtered sequence neighbour-
hood is clustered according to the description similarity based
on word frequencies using hierarchical clustering with average
linkage for free text description prediction. The authors use a
regression model to select the best cluster, and the output is
the most representative description, i.e., the most frequent one
within the best cluster.

The discovery of previously unidentified proteins that might
be implicated in the aging process is made possible by unchar-
acterised protein prediction. The creation of thorough networks
and pathways involved in aging is made possible by combining
prediction algorithms with other high-throughput approaches,
including transcriptomics and proteomics. Researchers can find
proteins that might act as markers of aging or disease devel-
opment by identifying uncharacterised proteins and evaluating
their expression patterns during aging. These proteins may be
used to identify healthy aging biomarkers. Additionally, the
identification of targets for therapeutic interventions targeted at
slowing down the aging process and age-related disorders can
be aided by the prediction of protein function.

In the present study, we focused on uncharacterised proteins
that are differentially expressed under metformin treatment in
S. pombe and estimated their functions using the PANNZER?2.
In these types of studies, researchers generally focus on the
expression pattern of the genes/proteins that have already been
characterised, whereas this study focused on genes that have not
yet been annotated and we aimed to identify new target genes
that may be involved in the life-prolonging effect of metformin.
These proteins play roles in many cellular processes such as
meiosis, mitosis, DNA damage, protein folding, apoptosis, au-
tophagy, antioxidative effect, mitochondrial changes, heme pro-
duction, and telomere capping. These results are in line with
previous studies. Moreover, most of these non-annotated pro-
teins might serve as targets for further aging studies.

MATERIALS AND METHODS

Organism and Media

S. pombe wild-type strain 972- and Synthetic Dextrose (SD)
medium was used in the study. Chen and Runge?” report that
this medium is suitable for chronological lifespan experiments
asitrecapitulates the evolutionarily conserved response of lifes-
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pan shortening due to overnutrition for cells grown in SD with
excess glucose. SD medium with 3% glucose (standard con-
dition) and 5% glucose (overnutrition condition) were used in
this study. To understand how metformin affects gene expres-
sion in these two different conditions, gene expression in cells
grown in a 3% glucose medium with metformin was compared
with the gene expression profile of cells grown in a 3% glu-
cose medium without metformin (control medium). The same
comparison was made for a medium containing 5% glucose.
Cells from a single colony with a 5x104 cell/ml density were
inoculated in 25 ml SD medium with and without 25 mM Met-
formin hydrochloride (SIGMA) in a 100 ml flask and orbitally
shaken at 180 rpm and at a temperature of 30 °C until respective
mid-log phase. Determination of the dose of metformin and its
application method were given in our previous study.'?

Total RNA Isolation

The Hibrigen Total RNA Isolation Kit was used following the
manufacturer’s instructions for the total RNA isolation from
mid-log cells. Briefly, samples were digested and homogenized
while exposed to guanidium isothiocyanate, a chaotropic salt
protecting RNAs from endogenous RNases. Subsequently, we
conducted ethanol precipitation to isolate nucleic acids and
transferred the samples into filtered tubes that could selec-
tively withhold RNAs. The attached RNAs were then eluted
with DEPC-treated water, and total RNA purity and quantity
were assessed using a Nanodrop 2000 spectrophotometer (Nan-
odrop Technologies, USA). For each sample, three biological
replicates were used. Finally, the replicates were pooled for
sequencing according to their concentrations.

Library Preparation and RNA Sequencing

Library preparation, fragmentation, adapter binding, RNA se-
quencing, and bioinformatic analysis of sequence data were
performed by Macrogen, Inc. (Seoul, South Korea). Briefly,
the contaminating DNAs were eliminated using DNase. TruSeq
Stranded Total RNA LT Sample Prep Kit (Gold) was used for
the library preparation. The purified RNAs were then randomly
fragmented for short-read sequencing, and these fragmented
RNAs were reverse transcribed into cDNA. Adapters were lig-
ated onto both ends of the fragments, and those with insert sizes
between 200 and 400 base pairs were selected after amplifica-
tion with PCR. Both ends were sequenced by the read length
for paired-end sequencing using the Illumina platform.

Bioinformatic Analysis of Sequence Data

Quality control of the raw sequencing data was conducted
using FastQC (ver.0.11.7). Afterward, adapter sequences and
bases with a base quality lower than three were removed from
the ends using Trimmomatic (ver.0.38). Additionally, bases of

reads that do not qualify for window size four and mean quality
15 were trimmed using the sliding window method. Finally,
reads shorter than 36 base pairs were dropped to yield trimmed
data. The quality of the trimmed data was checked again us-
ing FastQC. Subsequently, the trimmed reads were mapped
onto the reference genome using HISAT2 (ver.2.1.0), which
handles mapping through Bowtie2 (ver.2.3.4.1) aligner. Lastly,
transcripts were assembled using StringTie (ver.2.1.3b). After
the assembly, the gene/transcript abundance was calculated by
using the FPKM (fragments per kilobase per million reads) and
TPM (transcripts per kilobase million) for each sample.

Gene Expression Analysis

For the gene expression analysis, TPM values for different con-
ditions (metformin-treated versus control) were rationed. We
assumed that changes in gene expression are significant if the
ratio is at least twice as high or lower than 1.5-fold for one
condition versus the other, a common assumption for such anal-
yses. Among these significantly differentially expressed genes,
the uncharacterised ones that lack functional annotation in the
literature were filtered, and further research was conducted.

PANNZER?2 and the Analysis of the Results

PANNZER2 was used to functionally annotate uncharac-
terised proteins that the gene expression analysis yielded.'!
PANNZER?2 accomplishes functional annotation of uncharac-
terised proteins by predicting GO classes and free text de-
scription lines required for new sequence submission into
databases based on enrichment statistics and sequence simi-
larity, respectively. The tool comprises three servers—a web
server containing the user interface, the SANSparallel server
for homology search, and the DictServer for handling meta-
data associated with the uncharacterised proteins. First, a
sequence similarity search against the UniProtKB database
(https://www.uniprot.org/) using SANSparallel is conducted.
The output is a subset of sequences called a sequence neigh-
bourhood. Next, the sequence neighbourhood is filtered fol-
lowing several criteria. Finally, the remaining sequences’ GO
annotations and free text descriptions are gathered using the
DictServer.

The sequences of uncharacterised proteins were submitted in
FASTA format from the web server and the batch queue option
was used to download the results later. For all other parameters,
default options were selected. The output is a summary table
containing the sequence identifier, description predictions, and
GO predictions for biological processes, molecular functions,
and cellular components.Color-coded probabilities from green
to red that correspond to high-confidence to low-confidence
predictions are also provided. After the results were generated,
we filtered uncharacterised proteins with at least a GO class
or free text description line prediction. Subsequently, we exam-
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Figure 1. Metformin affects many cellular processes. Boxes with dark blue colours are common uncharacterised genes belonging to both up-regulated and
down-regulated classes. Boxes with turquoise colors are uncharacterised genes that belong to only one class. Common cellular processes include meiosis, protein

folding, calcium homeostasis, and heme production.

ined the filtered predictions to designate joint GO classes or de-
scriptions, aiming to reveal crucial cellular processes involved
in metformin metabolism and to have a more comprehensive
perspective.

RESULTS

Based on observations, it appears that metformin treatment can
impact the expression of certain genes in various ways. Our
gene expression analysis yielded 561 uncharacterised proteins
and PANNZER? predicted at least a GO class or free text de-
scription line for 250 of these proteins (44%). Tables 1 and 2
outline the up-regulated and down-regulated proteins, respec-
tively, that were predicted by PANNZER?2 and provide details
on their molecular and biological functions, as well as their fold
changes.

It was found that there are shared up-regulated and unchar-
acterised genes in standard and overnutrition conditions. These
genes play a crucial role in responding to iron ion starva-
tion, as well as in regulating the meiotic cell cycle, and in
metabolic processes related to lipids. They also play a role in
macroautophagy, in transporting proteins, and in responding
to oxidative stress. Proteins named conidiation-specific pro-
tein 6 (NP_592798.1), meiotically up-regulated gene 52 protein
(NP_593587.1), and meiotically up-regulated gene 144 protein
(NP_593215.2) were identified as being commonly expressed
in both media. Specifically, the expression of meiotically up-
regulated gene 52 protein was found to increase significantly in
standard conditions, with a quantitative increase of 636 times.

PANNZER?2 predicted myriad biological processes and
molecular functions that the uncharacterised down-regulated
proteins are involved in and possess, and some of these anno-
tations are crucial to cell viability. We classified these proteins
according to their predictions to reveal the cellular processes
in which metformin interacts. The classes include meiosis, mi-
tosis, DNA damage, protein folding, apoptosis, mitochondrial
changes, heme production, and telomere capping (Figure 1).

DISCUSSION

The primary objective of our study was to illuminate the cellu-
lar and molecular repercussions of metformin by establishing
associations between the expression profiles of previously un-
characterised proteins. Through the systematic classification
of uncharacterised genes predicated on their altered expres-
sion patterns, we successfully delineated correlations between
metformin and a myriad of cellular processes and genetic mech-
anisms (Figure 1). Significantly, genes that showed changes in
their expression levels held particular importance due to their
involvement in pivotal processes, including meiosis, protein
folding, and calcium homeostasis.

While we observed alterations in the expression levels of
numerous proteins during meiosis, striking ones were mei-
otically up-regulated genes. One of these genes, meiotically
up-regulated gene 52 protein (636.37 fold change in standard
condition and 5.1 fold change in overnutrition condition) is
up-regulated in both conditions along with conidiation-specific
protein 6 (5.46 fold change in standard condition and 5.51
fold change in overnutrition condition). Expressions of meioti-
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Table 1. Up-regulated uncharacterised proteins upon metformin treatment both in (3% glucose) standard and (5% glucose) overnutrition conditions.
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Table 2. Down-regulated uncharacterised proteins upon metformin treatment both in (3% glucose) standard and (5% glucose) overnutrition conditions.
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Table 2. Continued
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Table 2. Continued

cally up-regulated gene 133 protein, 155 protein, and 144 (3.61
fold change in standard condition) proteins also increased in
the presence of metformin. PANNZER?2 predicted five down-
regulated proteins among jointly down-regulated proteins in
both conditions: the meiotically up-regulated genes 43, 112,
131, 132, and 167 (1.35 fold change in standard condition and
1.43 in overnutrition condition) are involved in the meiotic cell
cycle. Indeed, all five have been reported to be involved in meio-
sis, although their exact function remains elusive.?! Meiotic
recombination protein, early meiotic induction protein 1, and
meiotically up-regulated proteins PB1A10.08 and PB17E12.09
are among other proteins predicted by PANNZER?2 to be in-
volved in the meiotic cell cycle. Indeed, a study revealed that
the latter two belong to a class of late genes that are stimulated
during meiotic divisions and whose expression is high until the
end of sporulation.??

Nutrition depletion, particularly nitrogen, triggers a switch
from a haploid state to a diploid and initiates meiosis in fis-
sion yeast.”> Metformin is a caloric restriction mimetic that
recapitulates the beneficial effects of caloric restriction without
dietary limitations.>* Therefore, the drug might induce nutri-
tion depletion conditions, which leads to meiosis initiation.
In accordance with this, PANNZER?2 predicted that another
down-regulated protein (NP_001342866.1 /Mks1) is involved
in nitrogen utilisation regulation. The protein shares a high
sequence similarity with the Mks1 of S. cerevisiae, which inac-
tivates the nitrogen uptake systems upon its under-expression,
a possible mechanism for how metformin induces nutrition de-
pletion conditions.? Taken together, both the up-regulation and
down-regulation of meiosis-related genes suggest metformin’s
significant role as a calorie restriction mimetic in meiosis.

One of the down-regulated proteins among jointly down-




regulated proteins is UPF0674 endoplasmic reticulum mem-
brane protein (1.48 fold change in standard condition and 1.24
fold change in overnutrition condition), and it is predicted to
be involved in ER calcium ion homeostasis, protein insertion
into ER membrane, and protein folding. It also has a calcium
ion binding and protein folding chaperone activity. The protein
shares a high sequence and structure similarity with the PAT
complex subunit CCDC47 of Homo sapiens.?® Tt functions as
an intramembrane chaperone that maintains cellular protein.
CCDC47 is also reported to regulate calcium ion homeostasis
in the ER and is required for the misfolded protein degradation
ER-associated degradation (ERAD) pathway.?’-?8 Additionally,
PANNZER? predictions for two proteins suggest a role in cal-
cium ion homeostasis. Indeed, the latter shares a high sequence
similarity with the calcium permeable stress-gated cation chan-
nel 1 of Homo sapiens.>®

ER stress triggers the unfolded protein response (UPR)
which reduces unfolded proteins to maintain cell viability and
functionality.>® Conza et al.3! demonstrated that metformin af-
fects UPR upon ER stress in endometrial cancer cells. One of
the thirteen proteins up-regulated in overnutrition conditions,
inclusion body clearance protein IML2, is predicted to be in-
volved in the cellular response to misfolded protein and cellular
detoxification by PANNZER?2. This protein has a significant
similarity in sequence with the IML2/YJLO82W protein found
in S. cerevisiae. The latter is essential for removing inclusion
bodies, and this protein is known to localise to inclusion bodies
that form due to protein misfolding stress.

PANNZER? predicted that one of the down-regulated pro-
teins (NP_594883.1/Hghl) is involved in the chaperone-
mediated protein folding and has a translation elongation
factor binding and protein folding chaperone activity. The
protein shares a high sequence similarity with the Hghl of
S. cerevisiae, which is a chaperone involved in the Eukaryotic
elongation factor 2 (eEF2) folding.3> Another down-regulated
protein among jointly down-regulated proteins is EF-hand
domain-containing protein which is predicted to be involved
in the cellular response to misfolded protein and cellular detox-
ification. The protein shares a high sequence similarity with the
inclusion body clearance protein IML2 of S. cerevisiae, and this
is necessary for inclusion body clearance upon protein folding
stress.>® Thus, both the up-regulation and down-regulation of
protein misfolding and calcium homeostasis-related genes in-
dicate metformin’s central role in such cellular processes.

Autophagy protein 16 (atgl6), is predicted to be involved
in the meiotic cell cycle, macroautophagy, and protein trans-
port. Indeed, Gregan et al.3* report that this protein is required
for chromosome segregation during meiosis. PANNZER?2 pre-
dicted atgl6 to be a component of the phagophore (belong-
ing to the autophagy process) assembly site. The autophago-
some outer membrane fuses with the vacuole and forms the
autophagic body where vacuolar hydrolases degrade cellular
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material and permeases release the resulting materials to be
recycled in the cytosol.®> Atgl6 interacts with the atg5-atg12
conjugate through atg5, and the atg5-atgl2/atgl5 complex is
required for the atg8 conjugation to phosphatidylethanolamine
that leads to the expansion of the phagophore, and atg8 local-
ization to the pre-autophagosomal structure.’® Autophagy is
induced through the AMPK-MTOR-ULK1-mediated signaling
or SIRT1-FOXO pathway.3”-3% Metformin is known to activate
both AMPK and SIRT1 and, therefore, can induce autophagy.*®

Protein adenylyltransferase SelO (mitochondrial) is predicted
to be involved in protein adenylation, cell redox homeostasis,
and cellular response to oxidative stress. The probable pro-
tein transfers adenosine 5’-monophosphate (AMP) to Ser, Thr,
and Tyr residues of its protein substrates involved in redox
homeostasis and, therefore, regulates the cellular response to
oxidative stress.*” Metformin decreases intracellular ROS pro-
duction, lipid peroxidation, and protein carbonylation in fission
yeast.!? Thus, the up-regulation of Protein adenylyltransferase
SelO (mitochondrial) in fission yeast upon metformin treat-
ment suggests that metformin’s antioxidative effect might be
dependent on this enzyme.

There are at least three types of cortical nodes for distinct
cellular processes to take place on the nongrowing middle
part of the fission yeast plasma membrane.*! One type in-
cludes the mitotic inhibitor Skb1, a PRMT5-like methyltrans-
ferase, which interacts with SIf1 to form the node. Moreover,
Skb1 nodes ensure correct cell cycle progression by sequester-
ing Skbl. PANNZER? predicted that SIf1 is involved in pro-
tein localisation to the lateral cortical node assembly. Conse-
quently, SIf1 down-regulation upon metformin treatment might
have reduced the cortical node number, which ultimately leads
to suppressed mitosis through the freed Skbl. PANNZER?2
predicted that another down-regulated protein among jointly
down-regulated proteins (NP_596443.1/csil) is involved in
centromere clustering at the mitotic interphase nuclear en-
velope and mitotic sister chromatid segregation. Indeed, it is
reported that csil regulates chromosome segregation by posi-
tioning the centromeres at the spindle pole body during the in-
terphase and organising the bipolar spindle.*>*> Another type
of cortical node is eisosomes, which regulate phosphatidyli-
nositol (4,5)-bisphosphate levels.*! PANNZER? predicted that
another protein (NP_588026.2/0Opyl) among jointly down-
regulated proteins is involved in actomyosin contractile ring
maintenance, mitotic cytokinetic process, and 1-phosphatidyl-
1D-myo-inositol 4,5-bisphosphate biosynthetic process, and it
has a role in phosphatidylinositol metabolism. The precursor
of phosphatidylinositol 3,4,5-trisphosphate and actin polymer-
ization regulator phosphatidylinositol 4,5-bisphosphate has a
vital role in insulin-stimulated glucose transport.** Metformin
increases glucose uptake in peripheral tissues, possibly by di-
rectly binding to the lipid phosphatase Src homology 2 domain-
containing inositol-5-phosphatase 2 (SHIP2).4> SHIP2 is up-
regulated in diabetic rodent models, which leads to insulin resis-
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tance and diminished glucose uptake. The down-regulation of
Opy 1 might be another possible mechanism for how metformin
increases glucose uptake as Opyl binds phosphatidylinositol
4,5-bisphosphate, which leads to reduced cellular amounts of
phosphatidylinositol 4,5-bisphosphate.

PANNZER? predicted that one of the down-regulated pro-
teins (NP_587772.3/Dbl2) is involved in the resolution of mei-
otic recombination intermediates and double-strand break re-
pair. Indeed, dbl2 gene deletion leads to the failure of ho-
molog chromosome segregation to opposite poles due to DNA
double-strand break repair intermediates during meiosis in fis-
sion yeast as it is required for Fbh1 DNA helicase foci formation
at the DNA double-strand break repair sites that process these
intermediates.*® Another down-regulated protein described as
sugar phosphate phosphatase is predicted to be involved in
the DNA damage response (DDR) and cellular detoxifica-
tion. The protein shares a high sequence similarity with the
damage-control phosphatase YMRO27W of S.cerevisiae, ac-
cording to the UniProt database. Damage-control phosphatase
YMRO27W is a metal-dependent phosphatase, and its sub-
strates are fructose-1-phosphate and fructose-6-phosphate.*’
The enzyme favors fructose- 1-phosphate, which is a strong gly-
cating agent that causes DNA damage, indicating a protective
function against such phospho-metabolites in hexose phosphate
metabolism.

One of the down-regulated proteins (NP_593856.1, 1.34 fold
change in standard condition and 1.32 fold change in overnu-
trition condition) is involved in the stress-activated mitogen-
activated protein kinase (MAPK) cascade. The protein shares
a high sequence similarity with the AHK1 of S. cerevisiae, ac-
cording to the PomBase database. Osmotic stress triggers the
Hogl MAPK, which regulates myriad adaptive responses to
such stimuli.*® Moreover, Hkrl is a putative osmotic sensor
of one of the Hogl upstream pathways called HKR1. Ahkl
binds to the cytoplasmic regulatory domain of Hkrl (an os-
motic sensor), and AHKI1 gene deletion partially inhibits os-
motic stress-induced Hogl activation, suggesting that it serves
as a scaffold protein. MAPKs can act as apoptosis activators
or inhibitors, depending on the cell type and stimulus.*’ Pro-
line dehydrogenase/proline oxidase (PRODH/POX) is a mito-
chondrial enzyme that degrades proline, producing ROS that
induce apoptosis.®® Metformin increases the expressions of
PRODH/POX and AMPK, which also activates PRODH/POX
leading to apoptosis. PANNZER?2 predicted that another down-
regulated protein (NP_595539.1) is involved in the proline
metabolic process. The protein shares a high sequence similar-
ity with the PUT7 of S. cerevisiae, which acts as a negative reg-
ulator of mitochondrial proline uptake.>! Therefore, its down-
regulation upon metformin treatment may lead to increased
proline concentration in the mitochondria and subsequent ROS
production through PRODH/POX activity and apoptosis.

Down-regulated in overnutrition and normal conditions, cy-

tochrome ¢ oxidase assembly protein COX is predicted to be
involved in mitochondrial cytochrome c oxidase assembly by
PANNZER?2. Since COX is a protein that is entrenched in the
mitochondrial membrane, its down-regulation may either be
an early apoptotic signaling event or a late effect of apoptotic
signaling.’> HeLa cells were initially exposed to various res-
piratory chain complex inhibitors for 24 hours before being
exposed to hydrogen peroxide for the same amount of time.
Here, respiratory complex IV (COX) inactivation significantly
increased the susceptibility of cells to treatment with hydrogen
peroxide. The same study conclusively demonstrates that COX
inhibition accelerates mitochondrial apoptotic response to ox-
idative stress.>® This appears to be one of the countless theories
explaining how metformin’s impacts on energy metabolism
prolong life.

Another down-regulated protein, assembly factor cbp4 (1.17
fold change in standard condition and 1.42 fold change in over-
nutrition condition) is involved in the respiratory chain complex
IIT assembly and mitochondrial respiratory chain complex as-
sembly. The protein shares a high sequence similarity with the
assembly factor CBP4 of S. cerevisiae, which is essential for
the assembly of ubiquinol-cytochrome c reductase with a direct
effect on its subunits’.* One of the mechanisms by which met-
formin exerts its anti-aging effects is by selectively inhibiting
respiratory chain complex I, consequently causing oxidative
phosphorylation. This leads to AMP/ATP and NAD*/NADH
ratio increment that activates AMPK and upregulates SIRT1.5
The down-regulation of Cbp4 suggests that the drug interferes
with oxidative phosphorylation in different stages of the pro-
cess.

Metformin disrupts the cristae and inner mitochondrial mem-
brane and induces mitochondrial swelling by causing ER
stress and subsequently increased calcium influx into the
mitochondria.”® The three down-regulated proteins, MICOS
complex subunit MIC10, mic19, and Mic23/26/27 are involved
in cristae formation, suggesting a possible mechanism for met-
formin to disrupt cristae and induce mitochondrial dysfunction.
The down-regulated and sensitive to high expression protein 9
(mitochondrial), is also involved in inner mitochondrial mem-
brane organization. The protein shares a high sequence sim-
ilarity with the sensitive to high expression protein 9 (mito-
chondrial) (Mdm33) of S. cerevisiae. Its overexpression leads
to growth arrest, mitochondria aggregation, and unusual inner
membrane structure generation, including loss of inner mem-
brane cristae.’ Related to the MAM3 Protein required for nor-
mal mitochondrial morphology this protein was also down-
regulated under metformin treatment. The down-regulated ER-
MES regulator 1 is predicted to be involved in outer mitochon-
drial membrane organisation and intermembrane phospholipid
transfer. In yeasts, the ER-mitochondria encounter structure
(ERMES) complex plays an important role in mediating the
formation of ER-mitochondria contact sites.’%> In addition to
lipid transport, the ERMES complex regulates mitochondrial




fission, mtDNA inheritance, and mitophagy.®>-°! A study re-
ports that the absence of Emr1 leads to abnormal mitochondrial
morphology and that Emrl regulates the number of ERMES
foci.5? The down-regulation of these proteins suggests that met-
formin interferes with energy metabolism not only through ox-
idative phosphorylation but also by disrupting mitochondrial
structure.

PANNZER? predicted that one down-regulated protein, mi-
tophagy receptor atg43, is involved in mitophagy and has a
mitochondrion autophagosome adaptor and protein binding ac-
tivity. Indeed, atg43, a mitochondrial outer membrane protein,
acts as a mitophagy receptor for selective mitochondria degra-
dation by tethering Atg8 to mitochondria via an Atg8-family-
interacting motif.®3> However, it is known that mitophagy con-
tributes to mitochondrial function maintenance, and metformin
induces mitophagy.>-%* Another down-regulated protein Fisl
(mitochondrial fission process protein 1), may influence mito-
chondrial dynamics by inducing mitochondrial fission through
interactions with the enzyme Drp1 or by preventing mitochon-
drial fusion through inhibition of Mfn2/Opal. By bringing
TBC1D15/17 and Syntaxinl7 to the mitochondria, Fisl takes
part in mitophagy. Fascinatingly, Fisl overexpression may play
pathogenic roles in Parkinson’s disease and diabetes mellitus,
most likely through up-regulating mitochondrial fission and
mitophagy. In light of this information, it is quite logical that
metformin which is used in Diabetes Mellitus treatment down-
regulates the Fis1 gene.%%-%

Another down-regulated protein among jointly down-
regulated proteins is the maintenance of telomere capping
protein 1. Telomere attrition is one of the nine hallmarks of
aging, and severe telomere uncapping can result from shel-
terin component deficiencies.! Shelterin is a specialized nu-
cleoprotein complex that attracts DNA repair machinery to
damaged telomeres through its formation. Metformin treat-
ment prevented telomere attrition in male offspring of mothers
with gestational diabetes, suggesting its beneficial effect against
telomere attrition.5’

CONCLUSION

This research concentrated on unannotated genes, aiming to
pinpoint novel target genes potentially associated with the life-
extending properties of metformin. These proteins are impli-
cated in various cellular processes, including meiosis, mitosis,
DNA damage response, protein folding, apoptosis, autophagy,
antioxidative effects, mitochondrial changes, heme production,
and telomere capping. Many of these unannotated proteins
could serve as promising targets for future investigations into

aging.
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Effects of Phloretin on Bisphenol-A Induced Liver and Kidney Toxicity in
Prepubertal Female Rats
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ABSTRACT
Objective: The aim of this study was to investigate the protective effects of phloretin against bisphenol-A (BPA)-induced liver
and kidney damage in rats using histopathological and biochemical parameters.

Materials and Methods: This study started on female rats on the postnatal 28th day via subcutaneous injection by dissolving
the compounds in corn oil at 30-min intervals, starting with phloretin, and followed by BPA. The dose of BPA was 50 mg/kg
bw/day, and the doses of phloretin were 0.5, 5, and 50 mg/kg bw/day. Treatments were administered every day for 15 days.
Histopathological, morphometric, and biochemical parameters were analyzed.

Results: Histopathological evaluation revealed tubular degeneration, fibrous tissue formation, congestion, and edema in the kidney
tissue and cellular degeneration and congestion in the liver tissue. BPA treatment resulted in a statistically significant increase in
serum urea and alanine aminotransferase levels and a decrease in serum glucose and aspartate aminotransferase levels. Against
these effects of BPA, a positive effect was detected only on serum urea levels in rats treated with 50 mg/kg bw/day phloretin. There
was also no significant change in serum triglyceride, creatinine, and albumin levels in the BPA positive control group. The renal
morphometric analysis revealed that treatment with 0.5 mg/kg bw/day phloretin reduced the BPA-induced glomerular damage.

Conclusion: Biochemical parameters and histopathological findings in the kidney and liver tissues revealed no clear evidence of
a protective effect of phloretin against the damage caused by BPA. Hence, phloretin exhibits a low level of protection against liver
and kidney damage.

Keywords: Bisphenol-A, phloretin, liver, kidney, female rats.

INTRODUCTION eral studies on BPA demonstrated that it affects biochemical
parameters, exerting a negative effect on antioxidant enzymes

e ) X and causing damage to liver and kidney tissues.”-® In the present
d?uly life, but many of these compounds, espe.c1ally endocrine study, BPA was used to induce liver and kidney damage.
disruptors, can cause harmful effects on endocrine system struc-

tures and hormones.! However, studies also indicate that en-
docrine disruptor chemicals negatively affect liver and kid-
ney functions.”? Bisphenol-A (BPA) is a diphenylmethane
derivative formed by two phenyl rings attached to two methyl
groups. BPA (C;5H;40,) is one of the most produced chemicals

worldwide.* The BPA values recommended by the U.S. Envi- of plant—derive?d comppunds was .ﬁrst discussed. in the 194Qs.
Subsequently, interest in plant-derived estrogens increased with

Chemical compounds are indispensable components of our

Sheep that fed on red clover pastures were found to have fertil-
ity issues, and therefore the feeding area of the sheep was exam-
ined. It was observed that those pastures were denser in terms
of phenolic compounds than other pastures. In this manner,
phytoestrogens were identified. The possible estrogenic effect

ronmental Protection Agency are as follows: lowest-observed- 9 o
adverse-effect level (LOAEL): 50 mg/kg bw/day, no-observed- the advent of hormone replacement therapy.” Phloretin is one
adverse-effect level: 5 mg/kg bw/day, and acceptable daily in- of the three chalcone derivatives (butein, marein, and phloretin)

take: 50 pg/kg bw/day. The average daily exposure in adults is of the flavonoid group in the phytoestrogen classification.'%-!!
0.5 pg/ke bw/day.’ The effects of BPA on animals have been It is a phytopolyphenol found in apples, strawberries, and other

extensively investigated. The liver and kidneys are among the ~ rUits and exhibits high antioxidant properties. It is also known
target organs identified in repeated-dose animal studies.® Sev- to exhibit antitumor and anti-inflammatory properties and al-
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leviate liver damage. Moreover, it reduces the risk of serious
chronic diseases.!?~!# In the present study, we investigated the
protective effects of three doses of phloretin (0.5, 5, and 50
mg/kg bw/day) against BPA-induced liver and kidney damage.

There is no study examining the effects of phloretin against
BPA-induced liver and kidney damage. In the present study,
the effect of phloretin against BPA-induced liver and kidney
damage was firstly examined.

MATERIALS AND METHODS

Chemicals

Phloretin (CAS No. 60-82-2) and BPA (CAS No. 80-05-7) were
obtained from Sigma—Aldrich (USA). Creatinine (Cat. No. E-
BC-K186), albumin (Cat. No. E-BC-K058), alanine amino-
transferase (ALT) (Cat. No. E-BC-K235), aspartate amino-
transferase (AST) (Cat. No. E-BC-K236), urea (Cat. No. E-
BC-K183), and triglyceride (Cat. No. E-BC-K238) kits were
obtained from Elabscience-Biotechnology (China). Glucose kit
(Cat. No. E1623R) was obtained from Bioassay Technology
Laboratory (China).

Animals and Housing

This study was conducted using 36 Wistar albino (Rattus
norvegicus) female rats, aged 28 days, and weighing 130-150 g,
which were obtained from Hacettepe University Experimental
Animals Production Center with the approval number 2018/47-
04. The rats were randomly grouped. During the 15-day experi-
ment, the laboratory temperature was set at approximately 23°C
+ 2°C, and the relative humidity was 48% =+ 3%. The photope-
riod was set as 12-h light and 12-h dark. Drinking water and
normal pellet feed were provided ad libitum during the experi-
ment.

Experimental Protocol

The rats were divided into five groups with six rats in each
group, which was based on previous similar toxicological stud-
ies, and the smallest sample size was expected to be statis-
tically significant. The five groups were as follows: (1) corn
oil-control, (2) 50 mg/kg bw/day BPA positive control, (3) 50
mg/kg bw/day BPA+0.5 mg/kg bw/day phloretin dose, (4) 50
mg/kg bw/day BPA+5 mg/kg bw/day phloretin dose, and (5)
50 mg/kg bw/day BPA+50 mg/kg bw/day phloretin dose. As
our aim was to evaluate the protective effect of different doses
of phloretin against liver and kidney damage induced by BPA,
we did not create a phloretin control group in which BPA was
not applied. To ensure that BPA causes damage, we used the
LOAEL value of 50 mg/kg bw/day.’> Phloretin and BPA were
dissolved in corn oil and administered to rats. Hence, a separate
group was created for the corn oil group used as a vehicle and
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termed the “corn oil-control group.” The purpose of creating
this group was to eliminate the doubt that the corn oil exerts
any effect on the results. Treatment was started on the rats on
the postnatal 28th day. This age range was selected because the
effect of chemicals is quite large during the prepubertal period
(before puberty) of sexual differentiation (sensitive period) in
rodents and humans. All rats were administered at the same age
and randomly distributed to the groups, based on their weight.
During the study, daily body weight, consumed feed, and water
amount were recorded. BPA and phloretin were administered
to the rats via subcutaneous injection at 30-min intervals, in
the determined doses, starting with phloretin, and followed by
BPA. The doses of phloretin were selected according to the phy-
toestrogen doses that people can take daily. Phloretin is found at
rates of 80—420 mg/kg in apple peel, 3-223 mg/L in juice, and
2-5 mg/kg in fresh strawberries.!> All treatment was admin-
istered every day for 15 days. Rats were sacrificed by cervical
dislocation 24 h after the final dose under ketamine/xylazine
anesthesia.

Liver and Kidney Organ Weights

After sacrificing the rats, the liver and kidney tissues were re-
moved without damage and weighed, and these values were
presented as absolute organ weights. To calculate relative or-
gan weights, the organ weights were divided by terminal body
weights, and the results were supported by dividing organ
weights by brain weight.

Biochemical Analysis

Blood samples collected for biochemical analyses were cen-
trifuged at 3600 rpm for 30 min at 4°C in the Eppendorf Cen-
trifuge 5810R device (Germany), and serum was obtained. The
levels of serum ALT, AST, urea, triglyceride, creatinine, albu-
min, and glucose were determined using kits. Analyses were
performed using a BIOTEK uQuant (USA) spectrophotometer
device.

Histopathological Analysis

At the end of the experiment, the liver and kidney tissues re-
moved from the rats were fixed in 10% formaldehyde fixative
for 24 h, after which they were washed in running water for
24 h. The tissues were blocked in paraffin, and sections of the
paraffin blocks were cut at a thickness of 4 pm using a Leica
(Germany) microtome. Slides were stained with hematoxylin
and eosin. The preparations were examined under the Olympus
BXS51 system light microscope (Olympus Corporation, Japan)
and photographed using Olympus cellSens Entry 4.1.1 program
(Olympus Corporation, Japan).




European Journal of Biology

Histomorphometric Measurement of Kidney Tissues

Glomeruli were histomorphometrically measured in all groups.
For each group, 100 glomeruli were selected at random. The
shortest and longest diameters of glomeruli were measured
using the Olympus BX51 system light microscope (Olympus
Corporation, Japan) and Olympus cellSens Entry 4.1.1 program
(Olympus Corporation, Japan). The glomerular volume was
determined using the formula 4 7(d(G)/2)3/3, where d (G) is
the arithmetic mean of the long and short diameters.'®

Statistical Analysis

Data were analyzed using the statistical SPSS IBM-23 pro-
gram (version 23, USA). Data homogeneity was evaluated us-
ing Levene statistics. ANOVA was used when the variances
were homogeneous; otherwise, the Welch test was used. Tukey
and Games—Howell tests were used as post hoc tests. Fisher’s
exact test was used to determine the statistical significance of
histopathological data. All values were expressed as mean +
SD. p<0.05 was considered statistically significant.

Ethics Committee Approval

Permission required for the studies was obtained from
Hacettepe University Experimental Animals Ethics Commit-
tee with the number 2018/47-04.

RESULTS

Liver and Kidney Organ Weights

Liver and kidney absolute organ weights, relative organ
weights, and final body weights of female rats in the corn oil-
control, BPA positive control, and phloretin treatment groups
are presented in Table 1. Both initial and final body weights
showed a statistically significant difference between the BPA
and phloretin dose groups. To determine the accuracy of this
difference, we investigated the % weight change but found no
significant difference in the results. Overall, BPA positive con-
trol and phloretin dose groups showed no significant changes
in body weights in this study. However, the absolute kidney
weights statistically significantly decreased in the BPA positive
control group compared with that in the corn oil-control group,
but no difference was detected in the phloretin dose groups.
The kidney weights calculated according to body weight sig-
nificantly reduced in the 50 mg/kg bw/day phloretin dose group
compared with that in the BPA positive control group, whereas
the relative kidney weights calculated according to brain weight
significantly increased compared with that in the 0.5 mg/kg
bw/day BPA positive control group. Although no statistically
significant change was observed in liver weights in the BPA pos-
itive control group, a significant increase was detected in the
phloretin dose groups compared with that in the BPA group.

The relative liver weights determined based on body weight
showed no significant differences. In the 0.5 mg phloretin dose
group, there was a significant reduction in the relative liver
weights calculated according to brain weights compared with
that in the BPA positive control group.

Biochemical Results

Table 2 shows the biochemical results of the control and ex-
perimental groups. Serum ALT levels significantly increased
in the BPA positive control group compared with those in the
corn oil-control group. Serum ALT values also significantly in-
creased in all phloretin treatment groups compared with those in
the corn oil-control group. However, there were no statistically
significant differences between the BPA positive control and
phloretin treatment dose groups. Regarding serum AST levels,
a statistically significant decrease was detected in the BPA pos-
itive control group compared with those in the corn oil-control
group. Similarly, serum AST values significantly decreased in
all the phloretin treatment groups compared with those in the
corn oil-control group. With the doses and methods used in
this study, we detected no beneficial effect of phloretin on al-
terations in serum ALT and AST levels caused by BPA. Serum
glucose levels statistically decreased in the BPA positive con-
trol group compared with those in the corn oil-control group.
Similarly, serum glucose levels were significantly lower in the
0.5 and 50 mg/kg bw/day phloretin dose groups than in the corn
oil-control group. The decrease in serum glucose levels in the 5
mg/kg bw/day phloretin dose group was not statistically signif-
icant compared with that in the corn oil-control group. There
was no significant change between the BPA positive control and
phloretin dose groups. Serum triglyceride levels also showed no
statistically significant differences between the corn oil-control
and BPA positive control groups, and the phloretin dose groups
also showed no differences triglyceride levels compared with
those in the corn oil-control or BPA positive control group. Nev-
ertheless, the 0.5 mg/kg bw/day phloretin dose group showed
statistically lower triglyceride levels than the 5 and 50 mg/kg
bw/day phloretin dose groups. Regarding serum albumin lev-
els, no statistically significant difference was detected between
BPA positive control and corn oil-control groups. Similarly,
serum albumin levels in the 0.5 mg/kg bw/day phloretin dose
group showed no statistically significant differences compared
with those in the corn oil-control and BPA positive control
groups. Serum albumin levels in the 5 mg/kg bw/day phloretin
dose group were significantly higher than those in the corn
oil-control group. Moreover, serum albumin levels statistically
significantly decreased in the 50 mg/kg bw/day phloretin dose
group compared with those in the BPA positive control group
and the 5 mg/kg bw/day phloretin dose group.

Regarding serum creatinine levels, no statistically signifi-
cant differences were found among the corn oil-control, BPA
positive control, and phloretin dose groups. Serum urea levels
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Table 1. Absolute and relative organ weights of female rats in the corn oil-control, BPA-positive control and phloretin dose groups.

Table 2. Biochemical analysis of serum samples of female rats in the corn oil-control, BPA-positive control and phloretin dose groups.

statistically significantly increased in the BPA positive control ~ urea levels in all the phloretin dose groups were also higher
group compared with those in the corn oil-control group. Serum  than those in the corn oil-control group. This increase was sta-
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tistically significantly different in the 0.5 and 5 mg/kg bw/day
phloretin dose groups compared with that in the corn oil-control
group. Moreover, the 0.5 and 50 mg/kg bw/day phloretin dose
groups showed significant differences in serum urea levels.

Histopathological Results

The results of microscopic evaluation of the kidney tissue
of the corn oil-control, BPA positive control, and phloretin
dose groups are depicted in Figure 1. The incidence of the
histopathological findings of the kidney tissues of rats is pre-
sented in Table 3. Kidney sections from the corn oil-control
group demonstrated healthy kidney tissues. However, kidney
sections from the BPA positive control and phloretin treat-
ment groups demonstrated Bowman’s capsule dilatation, tubu-
lar degeneration, degeneration in the renal parenchyma, con-
gestion, glomerular atrophy, cell expulsion into the lumen, and
fibrous tissue formation. No clear protective effect of phloretin
against BPA-induced histopathological damage in the kidney
tissue was detected. The results of microscopic evaluation of
the liver tissue of the corn oil-control, BPA positive control,
and phloretin groups are illustrated in Figure 1. The incidence
of the histopathological findings of the liver tissues of rats
is shown in Table 4. Liver sections from the corn oil-control
group revealed healthy liver tissue. However, liver sections from
the BPA positive control and phloretin treatment dose groups
showed congestion, sinusoidal dilatation, edema, and degen-
eration in hepatic parenchyma, mononuclear cell infiltration,
ballooning in hepatocytes, and steatosis. Ballooning in hepato-
cytes and congestion in the liver tissue were primarily detected
in the BPA positive control group compared with those in the
corn oil-control group, but these findings decreased signifi-
cantly in all the phloretin dose groups compared with those in
the BPA positive control group. Although phloretin protected
against congestion and ballooning in hepatocytes, no strong
protective effect was detected against other BPA-induced liver
damage.

Histomorphometric Measurement of Kidney Tissues

The results of kidney morphometric analysis of the corn oil-
control, BPA positive control, and phloretin treatment groups
are shown in Table 5. A statistically significant decrease was
observed in long diameter, short diameter, glomerular diameter,
and glomerular volume in the BPA positive control group com-
pared with those in the corn oil-control group. Similarly, the
values in the 5 and 50 mg/kg bw/day phloretin dose groups were
statistically different from those in the corn oil-control group in
all measurements. The values in the 0.5 mg/kg bw/day phloretin
dose group were also statistically significantly different from
those in the BPA positive control group in all measurements.
The 50 mg/kg bw/day phloretin dose group showed highly sta-
tistically significant differences in short diameter, glomerular

diameter, and glomerular volume from those in the corn oil-
control group.

DISCUSSION

Researchers have recently began focusing their attention on the
physiological and pharmacological functions of bioactive sub-
stances found in plants, such as phloretin. Epidemiological and
experimental studies on phloretin have demonstrated that this
flavonoid exerts both positive and negative effects, as an excep-
tionally high-dose of phloretin exerts lethal effects on mice.!”-!8
Nevertheless, several studies have demonstrated that phloretin
treatment at specific doses exerts numerous protective effects,
such as antidiabetic, anticancer, and anti-inflammatory.!”!® Ac-
cording to the literature, the effects of phloretin differ depend-
ing on the type, age, and gender of the experimental animal,
the phloretin dose, and the method of administration, and, if
the effects against induced damage are being investigated, the
substances that cause the damage. Although some of our study
findings support the positive findings reported in the literature,
our conclusion was that increasing the phloretin dose did not
increase the protective effect and would not be safe.

Damage to the structural integrity of the cell membrane, es-
pecially in the liver cells, causes the release of ALT and AST in
large amounts into the blood, increasing their serum levels.??
A study in which D-galactosamine was used to cause hepato-
toxicity showed an increase in serum ALT and AST levels. In
this study, the effects of D-galactosamine on ALT and AST lev-
els were reduced in parallel with increasing doses of phloretin
used in the study (0.877 and 1.754 mmol/kg), and hepatic le-
sions were decreased.?! Ren et al. investigated choline-induced
hepatotoxicity. It was stated that blood ALT and AST levels
increased in the choline model group compared to the nor-
mal control group. In the experimental groups where phloretin
and choline were administered together, it was determined that
ALT and AST levels decreased compared to the choline model
group. This protective effect occurred in parallel with increas-
ing doses of phloretin (100, 200 and 400 mg/kg/day).?> In
another study on mice, liver damage was induced by CCl, and
the protective effect of phloretin at doses of 100, 200, and
500 mg/kg/day was evaluated. It was observed that increasing
doses of phloretin reduced the excessive increase in serum ALT
and AST levels induced by CCl,.2* The anticancer properties
of phloretin were investigated by Alansari et al.'® who also
showed that the increase in serum ALT and AST levels caused
by diethylnitrosamine-induced hepatocellular carcinoma was
reduced after treatment with 25 mg/kg/day phloretin. In another
study, mice fed on a western diet and high-fructose corn syrup
showed increased serum ALT and AST levels, and treatment
with 100 and 200 mg/kg/day phloretin significantly decreased
the elevated serum ALT levels, whereas 50 mg/kg phloretin
dose was ineffective, but the AST levels significantly decreased
in all dose groups.?* In these previous studies, the chemicals
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Figure 1. Representative photomicrographs of liver and kidney tissue of the corn oil- control, BPA-positive control and phloretin treatment groups. Normal
histology in the kidney tissue of the corn oil-control group; degeneration in renal parenchyma (rpd) and glomerular atrophy (atf) are shown in BPA-positive
control group; tubular degeneration (td) and degeneration in renal parenchyma (rpd) are shown in 0.5 mg/kg bw/day phloretin dose group; tubular degeneration
(td), degeneration in renal parenchyma (rpd) and bowman capsule dilatation (bcg) are shown in 5 mg/kg bw/day phloretin dose group; glomerular atrophy (atf) is
shown in 50 mg/kg bw/day phloretin dose group. Normal histology in the liver tissue of the corn oil-control group; steatosis (s) is shown in BPA-positive control
group; minimal congestion (mc) and sinusoidal dilatation (sd) are shown in 0.5 mg/kg bw/day phloretin dose group; edema (ed) and sinusoidal dilatation (sd) are
shown in 5 mg/kg bw/day phloretin dose group; minimal congestion (mc) and sinusoidal dilatation (sd) are shown in 50 mg/kg bw/day phloretin dose group; H&E

stain, 200X.

used to generate animal models increased serum ALT and AST
levels, whereas we used BPA in the present study that decreased
serum AST and ALT levels. As we could not detect a significant
decrease or increase in the phloretin treatment groups compared
with the BPA group, we believe that the decrease in serum AST
levels detected in the present study is due to BPA. In contrast,
we detected an increase in serum ALT levels, which we again
believe is due to BPA. Unlike the previous study, we could not
obtain clear information regarding the effect of phloretin on
serum ALT and AST levels.

The effects of phloretin on glucose metabolism have been ex-
tensively investigated.> =2’ For instance, a study investigating

the effects of oral treatment of 5 and 10 mg/kg/day phloretin
on body energy and glucose balance in diabetic C57BL BKS-
DB mice reported that in parallel to phloretin dosage increases,
blood glucose levels considerably lowered and glucose toler-
ance improved.”> Shen et al. explored the hypoglycemic ef-
fect of phloretin in 8-week-old male rats with streptozotocin-
induced diabetes and fed on high fat and high sugar.?® To de-
termine its protective and therapeutic effects, phloretin was
administered to different groups before and after streptozotocin
induction at 100 mg/kg daily for 4 weeks, and it was observed
that phloretin was protective against diabetes and beneficial in
the treatment of glucose and lipid metabolism.? Alsenea et al.
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Table 3. Incidence of histopathological findings detected in kidney tissues of the corn oil-control, BPA-positive control and phloretin dose groups.

Table 4. The incidences of histopathological findings detected in the liver tissue of the corn oil-control, BPA-positive control and phloretin dose groups.

investigated the preventive and therapeutic effects of phloretin
in 10-week-old male C57BL/6 mice with high-fat-diet-induced
obesity.?” Phloretin was administered intraperitoneally at 10
mg/kg twice weekly for 12 weeks, and the results showed that
phloretin improved glucose homeostasis and insulin sensitiv-
ity and attenuated hepatic lipid accumulation.”’ Furthermore,

Mao et al. examined the protective effect of 25 and 75 mg/kg
phloretin doses against diabetes-induced endothelial damage
through in vitro and in vivo studies.”® They observed that both
doses of phloretin were protective against endothelial dam-
age in diabetic mice through AMP-activated protein kinase-
dependent anti-EndMT (endothelial-mesenchymal transforma-
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Table S. Histomorphometric measurements of glomeruli in the corn oil-control, BPA-positive control and phloretin dose groups.

tion) activation and reduced procalcification factors and vascu-
lar fibrosis.?® Molecular studies on the effects of phloretin could
explain the decrease in glucose levels. Sodium-dependent glu-
cose cotransporter 1 (SGLT1) present in intestinal epithelial
cells and glucose transporter protein type 2 (GLUT2) present
in the intestinal membrane play a role in glucose absorption.
Phloretin inhibits the function of GLUT2 and SGLT1, reduc-
ing the basolateral transfer of glucose from intestinal cells to
the blood and reducing apical glucose uptake.'”-2%-3% Phlorizin
(phloretin glycoside) also inhibits the function of SGLT2, which
is responsible for renal tubular reabsorption of glucose, increas-
ing its urinary excretion.!”-31-32 Overall, the administration of
phloretin reduces glucose levels by decreasing its absorption
and increasing its urinary excretion.!” It is evident that certain
doses of phloretin exert curative effects on diabetes and glu-
cose metabolism. In the present study, serum glucose levels
decreased in all groups compared with those in the corn oil-
control group. However, no significant difference was found
between BPA-positive control and phloretin treatment groups.
Therefore, phloretin does not appear to have an additional con-
tribution to the decrease in serum glucose levels caused by
BPA in all groups. The chemicals used to create a model in
the abovementioned studies increased the serum glucose level.
Furthermore, some studies have used diabetic animal models.
BPA, which was used to induce damage in the present study,
decreased the serum glucose level. Therefore, we believe that
our results differ from those reported in the literature because
BPA and phloretin were administered subcutaneously for 15
days. We believe that it would be valuable to explore the effects
of phloretin on hyperglycemia and diabetes.

In mammals, the highest concentrations of creatinine are
found in the skeletal muscle, where it plays a significant role

in energy metabolism. Experimental data reveal a close rela-
tionship between disorders in creatinine metabolism and var-
ious muscle diseases. However, creatinine also plays a vital
role in kidney metabolism®® and is produced in the liver as
well.3* Serum creatinine is a biomarker for both the kidney and
liver. Studies have demonstrated that treatment with phloretin
causes a reduction in serum creatinine levels, which increases
the damage caused by different chemicals.3>3¢ In a study in-
vestigating the toxic effect of phloretin, no effect on serum cre-
atinine level was found.’” The effect of 50 mmol/kg intraperi-
toneal phloretin treatment on a sepsis model with cecal ligation
and puncture in rats was investigated in another study, which
showed that the levels of blood urea nitrogen, tumor necrosis
factor-alpha, glutathione, and liver nuclear factor-xB p65 tran-
scription factor increased in the CLP group and decreased in the
phloretin treatment groups. However, no significant difference
was observed in the levels of serum creatinine and creatinine
phosphokinase.’® Cui et al. investigated the effect of phloretin
on kidney damage in mice with adenine/potassium oxonate-
induced hyperuricemia.3® They reported that treatment with 50
mg/kg phloretin significantly decreased the serum urea nitrogen
level, which was elevated due to hyperuricemia. In contrast, the
creatinine level decreased slightly, but not statistically. In the
present study, the slight decrease observed in the BPA group
was insignificant. However, no statistically significant differ-
ence was observed in serum creatinine levels in the phloretin
treatment groups compared with those in the corn oil-control
or BPA positive control groups. We concluded that phloretin
doses exerted no significant effect no serum creatinine. Urea is a
vital parameter to interpret kidney functions.**-*! Studies have
shown that increased serum urea levels due to damage caused
by various chemicals are reduced by phloretin treatment.33-38
In the present study, we detected a significant increase in urea
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levels in the BPA group. We also detected a significant increase
in urea levels in the phloretin treatment groups compared with
those in the corn oil-control group. Nonetheless, the increase
in urea levels in the phloretin treatment group was insignificant
compared with that in the BPA group. This finding differs from
other studies on phloretin. For instance, Un et al. investigated
the effect of phloretin and phlorizin against cisplatin-induced
damage in Balb/c female mice.’® They administered 50 and
100 mg/kg phlorizin and phloretin to mice by oral gavage for 3
days and found significant improvement in cisplatin-induced el-
evated serum urea levels. They also administered phlorizin and
phloretin to mice not treated with cisplatin and found no differ-
ence in serum urea levels between the phlorizin and phloretin
treatment groups and the control group (no treatment).3® Simi-
larly, Pujari et al. reported that phloretin may not exert a direct
increasing or decreasing effect on serum urea levels.>” Hence,
we believe that the phloretin doses we used affect in the present
study exerted no effect on serum urea levels and that the sta-
tistically significant increase in the 0.5 and 5 mg/kg bw/day
phloretin dose groups was caused by BPA.

Triglycerides are esters formed from glycerol and three
fatty acids and were previously referred to as triacylglycerols.
Triglycerides are essential in metabolism as an energy source
and a carrier of dietary fat. Moreover, they are the primary com-
ponent of low-density lipoprotein and are therefore clinically
significant and routinely investigated in serum obtained from
human and animal blood samples.*>=+> Studies on phloretin
have shown that phloretin treatment individually does not af-
fect serum triglyceride levels.’” However, phloretin treatment
can reduce the increases in serum triglyceride levels caused by
chemicals.>* Chhimwal et al. found that the increased triglyc-
eride levels in rats fed on a western diet and high-fructose
corn syrup were significantly reduced by the administration
of phloretin at 100 and 200 mg/kg doses.>* Furthermore, they
evaluated the effects of phloretin by creating an in vitro model
of nonalcoholic fatty liver disease (NAFLD) in Huh7 cells (hu-
man hepatoma cells). They found that 50, 100, and 150 pM
phloretin doses reduced lipid accumulation by 12%, 31%, and
44% and intracellular triglyceride accumulation by 15%, 30%,
and 56%, respectively.>* However, our study showed no signif-
icant differences in serum triglyceride levels.

The most prevalent protein in mammalian plasma is albu-
min, which is typically considered a multipurpose transport
protein.*® It is believed that phloretin does not exert a toxic
effect on serum albumin.’’” However, consistent with other
hepatotoxicity and renal toxicity markers, increased serum al-
bumin levels caused by chemical damage were found to de-
crease with phloretin treatment.®> In the present study, we ob-
served a significant difference in serum albumin levels in the
5 mg/kg bw/day phloretin treatment group compared with that
in the corn oil-control group. We assumed that a statistically
significant increase in the 5 mg/kg bw/day dose groups was
caused by BPA. The liver is the target organ for endocrine-

disrupting chemicals. The levels of hepatic enzymes may de-
crease or increase due to BPA, and pathological findings may
appear in liver histology. Liver damage caused by BPA can
also occur from the accumulation of BPA toxic metabolites and
the production of reactive oxygen species in the liver.” Con-
gestion, sinusoidal dilatation, edema, degeneration in hepatic
parenchyma, mononuclear cell infiltration, ballooning in hepa-
tocytes, and steatosis were detected in the positive control and
phloretin treatment dose group. Several studies have indicated
that treatment with phloretin decreases the histopathological
findings of the liver.!%-?* Chhimwal et al. investigated the effect
of phloretin on NAFLD in adult male C57BL/6J mice. They
administered phloretin by oral gavage at doses of 50, 100, and
200 mg/kg for 16 weeks to rats that were fed on a western diet
and high-fructose corn syrup.>* Their study results suggested
that phloretin effectively reduces the progression of NAFLD
and inhibits hepatic inflammation and fibrosis by upregulat-
ing autophagy-mediated lipid degradation. Especially at high
doses, phloretin has been found to decrease histological damage
by reducing hepatic lipogenesis and facilitating fatty acid oxi-
dation. However, our study revealed no evidence that phloretin
improves BPA-induced liver injury at oral doses of 0.5, 5, and
50 mg/kg bw/day. A nephrotoxic impact may occur due to the
accumulation of BPA and its hazardous metabolites and the kid-
ney’s inability to effectively remove these chemicals.?’ In the
present study, BPA damage was mostly observed in the kidney.
Bowman’s capsule dilatation, tubular degeneration, degenera-
tion in renal parenchyma, congestion, glomerular atrophy, cell
expulsion into the lumen, and fibrous tissue formation were
detected in the positive control and phloretin treatment groups.
Several studies have shown that phloretin reduces histopatho-
logical findings.3¢-3 For instance, treatment with 50 and 100
mg/kg of phloretin was found to significantly improve cisplatin-
induced tubular injury, with no abnormalities due to high-dose
phloretin administration being identified.>® In another study,
mice with hyperuricemia exhibited tubular atrophy, tubular di-
latation, and tubulointerstitial damage with interstitial fibrosis,
whereas phloretin administration improved renal morpholog-
ical lesions and tubular necrosis in mice. Moreover, mice in
the phloretin treatment group alone showed no renal histo-
logical lesions compared with mice in the control group.®
Phloretin has also been suggested to exert protective effects
against several types of chronic kidney disease.*’ Nevertheless,
our study found no statistically significant difference in kidney
histopathology. The effects of BPA and phloretin on the kidney
in this study were supported by morphometric measurements.
As we found in our previous study, BPA exposure led to a sta-
tistically significant decrease in all morphometric data.® The
closest values to those in the corn oil-control group were de-
termined in the 0.5 mg/kg bw/day phloretin dose group, and
the data were statistically different from those in the BPA posi-
tive control group. In this context, a dose of 0.5 mg/kg bw/day
phloretin may protect against BPA-induced kidney damage.
However, we observed that with an increase in phloretin dose,




its protective effect against BPA-induced kidney damage de-
creased. Although some protection might be provided in the 5
mg/kg bw/day phloretin dose group, the results obtained in the
50 mg/kg bw/day dose group were highly similar to those in
the BPA positive control group. Overall, no clear evidence was
obtained concerning the protective effect of phloretin against
BPA-induced kidney damage at oral doses of 5 mg/kg bw/day
and especially 50 mg/kg bw/day.

Finally, based on our study results, treatment with 0.5 and 5
mg/kg bw/day phloretin administered as low doses may provide
low protection against BPA-induced kidney and liver damage.
However, the protective effect of 50 mg/kg bw/day phloretin
used as a high-dose was low in this study. Geohagen et al. men-
tioned that a protective effect does not occur with an increase in
phloretin dose; in contrast, it may exert adverse effects.!® In this
study, we did not administer phloretin without BPA. Therefore,
we could not obtain information on the negative impact of in-
creased phloretin doses. BPA may have caused the biochemical
and histopathological adverse effects in this study. Neverthe-
less, our results support that increasing the phloretin dose does
not increase the protective effect. In the study of Geohagen
et al., phloretin was administered via intraperitoneal injection,
and the results demonstrated that high-dose (2.40 mmol/kg)
phloretin administration did not prevent lethality caused by
acetaminophen, whereas low doses (0.2-0.4 mmol/kg) pro-
vided moderate hepatoprotection.!® In another study, the au-
thors concluded that long-term use of high-dose phloretin may
cause liver damage.48 However, there are also studies showing
that there are positive effects that increase in parallel with the
dose.*® For instance, Zhao et al. reported protective effects ex-
erted by 25 and 50 mg phloretin doses against cisplatin-induced
kidney damage. They observed that phloretin doses increased
the levels of serum creatinine, urea, and albumin in a dose-
dependent manner, as well as oxidative stress markers in the
control group.®® In a previous study investigating the toxic ef-
fect of phloretin, 25 and 50 mg/kg/day doses of phloretin were
administered to female and male mice for 28 days. The results
of that study revealed no significant difference in the levels of
ALT, AST, albumin, triglyceride, creatinine, and glucose com-
pared with those in the control group. The authors of that study
concluded that phloretin is safe to use.>’” We did not obtain
evidence of a clear protective impact of phloretin in this in-
vestigation. Oral administration of phloretin is known to result
in low absorption and bioavailability, as phloretin has excep-
tionally low water solubility.!”#=>! We administered phloretin
subcutaneously for 15 days in the present study; hence, a longer
treatment period is recommended to elucidate the protective
properties of phloretin. Regarding the data of the phloretin
dose groups, the results are quite complex. However, our re-
sults revealed that the data of the 0.5 mg/kg bw/day phloretin
group were closer to those of the corn oil-control group. To
summarize, we could not detect an apparent protective effect of
phloretin after 15 days of subcutaneous administration of 0.5, 5,
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and 50 mg/kg bw/day doses in female rats against BPA-induced
liver and kidney damage.

CONCLUSION

Considering the studies conducted on phloretin, we believe that
it would be valuable to investigate its positive effects. However,
the results obtained to date are complicated. According to the
results of this study and the literature, we can conclude that
phloretin is not yet suitable for the development of pharma-
ceuticals or use as a nutritional supplement. It is necessary to
gain a complete understanding of the beneficial or harmful ef-
fects of phloretin to take advantage of its benefits. Additional
in vivo studies are required to confirm the safety of phloretin
and clarify its molecular mechanisms.
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ABSTRACT

Pseudomonas otitidis is a species of Pseudomonas bacteria discovered in the early 2000s and has been studied systematically
by many researchers. P. otitidis has been isolated from various infected parts of diseases, such as otitis, recurrent pneumonia,
necrotizing fasciitis, peritonitis, foot cleft, or burns. It has been found to produce a variety of enzymes to decompose pollutants in the
environment such as petroleum, polycyclic aromatic hydrocarbons, dyes, sodium dodecyl sulfate, zearalenone, etc. Furthermore,
it can produce some ingredients for application in agriculture and health industries such as digestive enzymes, melanin, and
L-asparaginase. Some scholars used P. ofitidis as a model organism to investigate environmental degradation, biobattery, plant
growth promotion, and biodegradable plastic polyhydroxyalkanoate production. The biofilm of P. otitidis consists of rhamnolipid.
The research has provided the basis to produce rhamnolipid and the effective removal methods of P. otitidis. P. otitidis is prone
to resistance to lactam antibiotics, and its resistance is caused by its unique metallo-S-lactamase, a polyoxometalate enzyme. In
other words, P. otitidis is a very interesting bacterium candidate to be used in different research fields. Hence, in this paper, the
discovery, mechanisms, and potential biotechnological applications of P. otitidis are described.

Keywords: Pseudomonas sp., Pseudomonas otitidis, Metallo-B-lactamase, Biofilm, L-asparaginase, Biosurfactant

INTRODUCTION humans and animals, like pulmonary infection,” respiratory
tract infection,® bacteremia,” and urinary infection.!? Serious
medicine resistance problem exists on Pseudomonas sp. The
medicine resistance of Pseudomonas is related to its ability to
produce some enzymes that degrade antibiotics. The enzymes
and the relevant genes have been widely studied such as the
enzymes Pseudomonas otitidis metallo-f-lactamase (POM),!!
Pseudomonas fluorescens metallo-B-lactamase (PFM),'? or
Sdo Paulo metallo-B-lactamase (SPM)'? that mediate the effi-
cient hydrolysis of carbapenems. Metallo--lactamase (MBL)
is a kind of enzyme that can cause hydrolysis of carbapenem. It
includes the POM enzyme produced by Pseudomonas otitidis,
the (PAM) enzyme produced by P. aeruginosa, L1 enzyme of
Stenotrophomonas maltophilia et al. Differences in their nu-
cleotide sequences lead to differences in drug resistance and
leading to evolutionary diversity.!* Many functional genes of
the Pseudomonas genus are similar, it is probably related to
the phages that infect them. For example, the pf20 phage de-

Pseudomonas sp. is a type of Gram-negative strain, which don’t
possess a cell nucleus and is unable to form spores. It is gener-
ally rod-shaped, with one to more flagella. It is easy to culture
in vitro conditions, and it can secrete a variety of pigments.
Most of the pigments are characteristic of Pseudomonas sp.
and have antimicrobial properties. Pseudomonass sp. is a het-
erotroph bacterium that can utilize organics and an aerobic
bacterium, which metabolizes through respiration. Although it
is an obligate aerobe, it can grow anaerobically during nitrate
reduction. Pseudomonas sp. is present and spread widely in the
environment.Pseudomonas sp. genus was described as a whole
group consisting of more than 100 known species.! The rRNA-
DNA hybridization method was used to categorize this genus
into five groups.? Kersters gave a new definition according to
its previous classification studies.? In the past decades, genetic
and molecular techniques played an important role in the clas-

sification of Pseudomonas 4 and many species were reclassified
again.’

The diversity of habitat range, biological shape, and versa-
tile function attracted microbiologists to study it for a long
time.® Several Pseudomonas species can cause disease in

rived from Olsen&#39;s PX4 is capable of inter-infecting P.
aeruginosa and P. putida."> Some phages remain as plasmid-
like phages after entering Pseudomonas, such as pf16H2 in P.
putida.'® Tt leads to the high similarity between many gene se-
quences of Pseudomonas sp, and the evolution of Pseudomonas
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sp. Identification of Pseudomonas bacteria is usually achieved
by 16srDNA sequencing.!” However, this method can occa-
sionally lead to high similarity between a newly isolated strain
and other existing Pseudomonas strains. So, it is difficult to
determine the attribution of the new strain.!® For example, P.
aeruginosa has a strong similarity with P. otitidis MrB4, the
similarity between them determined by the 16srDNA sequence
is 98.6%, but they are in different taxonomic positions.'” Some
studies have analyzed the gyr gene sequence to determine the
attribution of new strains.?’ Manivannan et al. isolated a strain
and mapped its genome. They proposed that P. aeruginosa is
a hypothesized species based on sequence homology, which is
closest to the homology of P. otitidis.”! In addition to 16Sr-
RNA testing, MALDI-TOF MS Biotyper methods were used
by Kacaniova et al. for Pseudomonas’ genotypic identification.
It revealed a high discriminatory power of the MALDI-TOF
MS Biotyper methods for the identification of Pseudomonas
sp.2

Pseudomonas otitidis

P. otitidis is a novel species of Pseudomonas sp, which was
discovered in 2002. In clinical studies conducted between 1998
and 2000, 101 researchers in the United States collected mi-
crobial samples from 2,039 patients (2,240 diseased ears). A
total of 2838 bacteria strains were detected from 2048 ears and
clinically diagnosed as acute otitis. Researchers isolated a new
strain of Pseudomonas genus, closely related to P. aeruginosa.
It was named P. otitidis by Roland et al.?> In the following years,
there were few studies on P. otitidis until 2006, when Clark et
al. isolated 41 new strains of P. otitidis from the affected parts
of patients with acute otitis.>* Using DNA-DNA hybridization,
16S rRNA sequencing, and phenotypic analysis, researchers
found that these Pseudomonas did not match any other known
Pseudomonas species except P. otitidis. Researchers carried out
systematic research about morphological tests, physiological
and biochemical tests, drug sensitivity tests, fatty acid iden-
tification, and DNA component proportion determination of
isolated P. otitidis.>* Due to the systematic study of Clark et al.,
many researchers also considered that Clark et al. first discov-
ered P. otitidis in 2006.'%2 Clark et al. were the first to study
the biochemical and physiological properties of ten P. ofitidis
strains as described below; Nine of ten strains can produce py-
ocyanin, nine of ten strains can produce fluoroscein, none of the
strains can be cultivated at 4 °C or 47 °C, five of ten strains can
growth at 7 °C. None of the strains can produce urease, eight
of ten strains can hydrolyze gelatin and no strain can hydrolyze
casein. Nine strains can growth on 4% sodium chloride agar,
eight stains can grow on 5% sodium chloride agar. Ten strains
all can’t utilize N-Acetyl-D-glucosamine, D-Arabitol, Glycerol,
D-Mannitol, D-Sorbitol, D-Fructose, L-Fucose, D-Galactose,
Gentiobiose, Maltose, Sucrose, D-Trehalose, D-Xylose, D-
Galacturonic acid, D-Gluconic acid, D-Glucuronic acid, Ita-
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conic acid, Itaconic acid, L-Phenylalanine, D-Serine, Cytosine,
Acetic acid, Sebacic acid, Inosine and Uridine. They can uti-
lize L-Arginine, L-Histidine, L-Isoleucine, L-Leucine (9/10),
L-Ornithine, L-Serine, S-Phenylethylamine, y-Aminobutyric
acid, Phenylethylamine and Putrescine.

Many scholars and doctors have isolated P. oftitidis strains
from infected people. Kim et al. reported two cases of infec-
tion in 2016. One is necrotizing fasciitis complications, an-
other is peritonitis.25 In 2015, researchers isolated 10 strains
from the specimens of foot cleft patients, which were identi-
fied as P. otitidis.® In 2020, Japanese researchers sequenced
the whole genome of P. ofitidis TUM18999 from burn pa-
tients. The TUM18999 was identified as P. otitidis. Other re-
searchers detected a novel specific B3 sub-group BML from this
strain. Its similarities with P. alcaligenes’ PAM-1 and P. otitidis
TUM18999’s POM-1 were 90.24% and 73.14%, respectively.?’
In 2021, Denmark physicians reported a case of known moder-
ate chronic obstructive pulmonary disease with bronchiectasis
and recurrent pneumonia. Blood cultures showed growth of
P. otitidis. Researchers noted in the study that the infection
caused by this new pathogen easily causes misdiagnosis.”® In
addition to being isolated from patients, P. otitidis also exists
widely in nature. At present, some researchers have studied P.
otitidis isolated from nature. Miyazaki et al. isolated a P. otitidis
MrB4 strain from Lake Biwa, Japan, and sequenced its whole
genome.'”

P. otitidis can utilize and decompose many pollutants in the
natural environment, such as crude oil, polycyclic aromatic hy-
drocarbons, dyes, sodium dodecyl sulfate (SDS), zearalenone,
etc. It also can produce some useful substances, such as di-
gestive enzymes, melanin, and L-asparaginase. Some scholars
studied P. otitidis’ biofilm, including the mechanism of biofilm
production and the comparison between P. otitidis biofilm and
other Pseudomonas biofilm. Some researchers used the bac-
terium to promote plant growth, research on biological bat-
teries, and the production of polyhydroxyalkanoates (PHA).
Metallo-f-lactamase produced by P. otitidis does not show in-
trinsic resistance to the carbapenem antibiotics. Figure 1 shows
the major research areas of P. otitidis. The diagram depicts eight
hot areas of research on P. otitidis and some achievements have
been made in these fields.

Stability of Pseudomonas otitidis in Ecosystem

Some researchers are interested in the stability of P. otitidis in
the ecosystem. Garcia-Ulloa et al. studied P. otitidis in Cuatro
Cienegas overexploitation of the agricultural wetland ecosys-
tem in Coahuila, Mexico. As the water fades due to overex-
ploitation. P. otitidis in the water loses metabolic complexity
and diversity. In the following year, P. otitidis became extinct
in this wetland ecosystem.29 In addition, the researchers also
analyzed the bacterial population history and evolutionary re-
sponse of bacterial lineages to disturbances by comparing the
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Figure 1. Research areas of P. otitidis.

genomes of a population sample.>® Another study speculated
on the eventual decline or possible extinction of P. otitidis. They
propose that phosphorylation, DNA recombination, changes in
small molecule metabolism and transport due to environmental
disturbances, and loss of biosynthetic and regulatory genes lead
to changes in bacterial populations.®' Rodriguez-Verdugo et al.
investigated the seasonal diversity of culturable Pseudomonas
bacteria in lagoons of the Chihuahuan Desert, Mexico. They
isolated 70 Pseudomonas strains collected from lagoons on
four independent days. P. otitidis and P. cuatrocienegasensis
accounted for 64% of the total number of isolates. More in-
terestingly, P. otitidis was isolated only in summer, while P.
cuatrocienegasensis was isolated only in winter due to the dif-
ferent growth conditions of Pseudomonas sp.>?

Jun et al. isolated 21 populus-associated Pseudomonas iso-
lates from the roots of poplar trees and through genetic analysis,
it can be divided into three subgroups. The gene specificity of
subgroup 1 includes several sensory systems that play a role in
two-component signal transduction and depend on receptors.
The gene specificity of the second subgroup included putative
genes, and the specific genes of the third group were anno-
tated as having hydrolase activity. The only isolated P. ofitidis
strain was different from the three subgroups.** Dahiya and Mo-
han thought that in the same ecological environment system,
different microorganisms could improve and degrade different
pollutants, and the addition of external microorganisms with a
high degradation rate could significantly improve the process
efficiency. In their study, P. otitidis, Bacillus firmus, Bacillus
subtilis and Bacillus circulans were isolated and used to im-
prove chemical oxygen demand (COD) and degrade nitrate,
phosphorus, and moldy volatile fatty acids.>*

Degradation of Organics

The degradation of harmful organics in wastewater and soil
is a research focus of P. otitidis, such as the degradation of
some components of oil pollution. Dasgupta et al. isolated a
crude oil-degrading bacteria P. oftitidis. In their research, the

biodegradability of crude oil was evaluated by gas chromatog-
raphy, and the formation of biofilm near the oil-water interface
was quantitatively analyzed by a confocal laser scanning mi-
croscope. Pseudomonas supported by biofilms was found to
degrade crude oil more easily and extensively than plankton.
Moreover, P. otitidis biofilms formed in the presence of crude
oil accumulated higher biomass and thicker biofilms.>> Gogoi
et al. isolated a strain of P. otitidis DU-13 capable of degrading
oil pollution and water restoration and found that after 7 days
of culture and treatment, the biosurfactant produced by the iso-
lated strain could reduce the surface tension of oil-containing
medium by 46%.3¢ Peng et al. isolated a P. ofitidis strain (Strain
81F, Accession Number AB698739.1). The degradation activ-
ity of polyurethane (PU) was evaluated. Their study describes
the activity of Pseudomonas to degrade PU at a high level
and describes the enzymes involved in this process, a 45 kDa
product with PU enzyme activity. It plays an important role
in bioremediation and plastic waste treatment.’” Bestawy et al.
investigated the treatment of industrial wastewater by the com-
bination of bacterial consortium and Fe;04 magnetic nanoparti-
cles. Glycine-coated magnetic nanoparticles (Fe;O4 NPs) were
prepared by reverse coprecipitation and characterized by X-ray
diffraction, transmission electron microscopy, scanning elec-
tron microscopy, and vibrating sample magnetometer. Exoge-
nous mixers include Enterobacter cloacae and P. otitidis. The
mixture proved to have a good improvement effect on COD,
oil, and grease (O&G), and total petroleum hydrocarbons.?®

Removal of phenolic compounds from waste alkali by
P. otitidis has been studied.>® Waste alkali is one of the phenolic
industrial pollutants produced by chemical processes in petro-
chemical plants and refineries. It has high COD, and pH, and
contains high salinity and sulfides. The P. aeruginosa strain that
can degrade phenol was isolated in previous studies. Moham-
madi and collegous’ study is the first to isolate P. otitidis capable
of decomposing phenol.3* Maitra et al isolated and identified
phenol-degrading bacteria from soil, identified as P. otitidis.*°
Mohanty and Jena isolated a strain (Pseudomonas sp. Strain
NBM11) from soil samples contaminated with medical waste
and wastewater. The degradation capacity of the strain to phenol
was up to 1000 mg/L by optimizing the culture conditions.*!

Poyraz isolated a P. otitidis strain capable of degrading
toluene from a sewage treatment plant, and researchers mea-
sured their tolerance and biotechnological potential.*> Dados et
al. proposed rapid remediation methods for soils heavily con-
taminated by organics. One of the methods uses contaminated
soil as a culture material to enrich strains that degrade soil or-
ganic matter and then use those strains for soil remediation.
Two Pseudomonas strains were isolated, EL20 and EL15 re-
spectively, one of them was P. oftitidis, which could degrade
total petroleum hydrocarbons and N-alkanes in vitro.** An-
war et al. isolated several novel strains, including P. otitidis.
The degradation ability of polyvinyl chloride under different
cultures and time intervals was studied using scanning elec-




tron microscopy, atomic force microscopy, UV-visible spec-
troscopy, Fourier transform infrared (FT-IR), gel permeation
chromatography, and differential scanning calorimetry.** Xu et
al. isolated a P. otitidis strain W12 using phenanthrene as a
carbon source from the activated sludge in the aeration tank of
the north Shenyang sewage treatment plant.*>

Rhamnolipid Content

Rhamnolipid is one of the most characteristic biosurfactants.*
Itis a surface-active molecule produced by Pseudomonas using
various organic compounds.*’ Biosurfactants are divided into
4 types, they are cationic type, anionic type, zwitterionic type,
and non-ionic type separately. Rhamnolipid is an anionic bio-
surfactant. Its hydrophilic end is composed of 1-2 molecules
of rhamnose, and the hydrophobic end is composed of lipid
structures.

Rhamnolipid is an important component of P. otitidis biofilm
formation.*® Haloi et al. isolated a rhamnolipid-produced
P. otitidis TMB?2 strain and described the process of production
of rhamnolipid. They characterized the extracted biosurfactants
by Fourier Transformed Infrared Spectroscopy and 'H and '*C
nuclear magnetic resonance (NMR) spectroscopy. They used
liquid chromatography-mass spectrometry to detect homologs
of single and double rhamnolipids. The thermal stability and
degradation modes of candidate biosurfactants were tested by
thermogravimetry and differential scanning calorimetry to de-
termine their adaptability.*

Buonocore et al. reported for the first time the production of
RLs using anthracene and benzene as the only carbon sources
using 12 different materials such as monosaccharides, polysac-
charides, and petroleum industry derivatives as raw materials.>°
Singh and Tiwary isolated a strain of P. otitidis P4 from Chirimi
Coal Mine in India and determined the structural properties of
BS and the glycolipid properties of BS by biochemical tests,
thin layer chromatography, FT-IR and NMR analysis.>! Before
characterizing biosurfactants by FT-IR and NMR, they were
purified by column chromatography and confirmed by thin-
layer chromatography analysis. Furthermore, scanning electron
microscope analysis is also used in morphological characteri-
zation.

Degradation of Sodium Dodecyl Sulphate

Ibrahim and Abd Elsalam isolated four strains capable of de-
grading SDS from Taif wastewater in Saudi Arabia. One strain
was identified as P. otitidis.’> Chaturvedi and Kumar isolated
24 SDS-degrading strains from Varanasi, India. The isolated
NN1 showed 97% homology with the P. otitidis strain RW1,
which showed 98% homology with P. otitidis TNAU45. The
degradation rate at 12h was 19.6% to 97.2%.3 Jov¢l¢ et al
isolated a P. otitidis strain (Pseudomonas sp. ATCC19151). It
was found that it contains a gene encoding sdsA, which is in-

Jianfeng et al., Unveiling Pseudomonas otitidis Features

volved in the degradation of SDS.>* Ibrahim et al. isolated P.
otitidis and P. aeruginosa that could degrade SDS and tried to
mutate the strains by UV, ethidium bromide, and biological fix-
ation methods. The degradation efficiency of SDS with alginate
immobilized strains was higher than free microbial strains.>

Degradation of Organic Dyes

Organic dyes are the main pollution component in urban
wastewater and industrial wastewater. Ingestion or exposure
to dyes can irritate the respiratory, digestive, and nervous sys-
tems, leading to acute and chronic poisoning or disease, and
in severe cases cancer. The microbial degradation method of
dyes is a research focus at present. Many researchers have stud-
ied the ability of some strains of P. otitidis to remove stains.
Wu Jing et al. used P. otitidis WL-13 isolated from the sludge
of printing and dyeing wastewater treatment plants to degrade
triphenylmethane dye in 2009. When the dye concentration is
500 pumol/L, the removal rate of malachite green and brilliant
green can reach 95% when shaking cultured for 12 h, the crys-
tal violet degraded 13% under the same conditions.® Jing et
al. isolated a new dye decolorization strain, which was iden-
tified as P. otitidis and named CV-1. It can remove various
triphenylmethane dyes and methyl red mono azo dyes.’’ Shah
et al. isolated a strain with the ability to decolorize triphenyl-
methane. The decolorization rate was 72%-96% within 24 h.
The strain was P. aeruginosa ETL-1, but the similarity between
the strain and P. otitidis 81F reached 98%.°® Figure 2 shows
several common organic dye pollutants.>~63

Metal Settlement and Bioelectrochemistry

Bioelectrochemical system is a promising technology for the
removal and recovery of metal ions from acid mine drainage
wastewater. The discharge of metal ions in water will lead to
environmental pollution and human diseases, especially hap-
pen of cancer.®> Martha et al. isolated mercury-resistant bac-
teria, including P. otitidis from Egyptian wastewater, whose
mechanism of action may be related to the merA gene. It can
reduce the soluble mercury ion to the precipitated monomer
mercury. All tested strains contained plasmids encoding the
merA gene.66 Furthermore, Yeoh found that P, otitidis B1 was
able to synthesize siderophores, which isolated iron from the
environment.®” Moreover, Ai et al. isolated P. oritidis E8 from
a microbial fuel cell anode electroactive biofilm. It can ef-
fectively recover copper and cadmium ions from acid mine
drainage wastewater when inoculated in a bioelectrochemical
system.%® Besides, Modestra and Mohan found that due to the
difference in physical and chemical structure of the cell wall,
the electron transfer characteristics of Gram-positive and Gram-
negative bacteria may also vary.®® In addition, Thulasinathan et
al. isolated Cronobacter sakazakii and P. otitidis AATB4 from
sewage and conducted a comparative study on the two bacteria
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Figure 2. Organic dye pollutants that can be removed by P. otitidis. A is
naphthaline, B is anthracene, and C is phenanthrene. Phenanthrene is a tri-
cyclic aromatic hydrocarbon with a "bay" region and a "K" region. These
two structures are closely related to the carcinogenicity of polycyclic aromatic
hydrocarbons. A, B, and C belong to polycyclic aromatic hydrocarbons. Poly-
cyclic aromatic hydrocarbons have toxic, mutagenic, and carcinogenic effects,
as well as resistance to biological degradation. Oil spills and environmental
pollution impact the food chain in the form of toxic organic materials such
as polycyclic aromatic hydrocarbons, posing a major threat to ecosystems in-
cluding marine life and human beings. Polycyclic aromatic hydrocarbons are
potential threats to marine animals and human health because many of them
can lead to cancer.>® D is triphenylmethane. It can be divided into several
different categories according to the substituents on the benzene ring. E is
toluene. Toluene is an aromatic hydrocarbon that can cause serious social and
health problems through the release of petroleum products and the spread of
agricultural and industrial activities into the environment.?® F is phenol, Phe-
nol is an industrial organic compound that can cause gastrointestinal damage
and can cause respiratory irritation, and muscle tremor.%!-%2 It is very harmful
to aquatic ecosystems. Phenol and phenolic wastes must be properly treated
before they can be released into nature. G is a polyurethane (PU). Polyurethane
is a carbamate polymer. It produces irritating gases at high temperatures. H is
sodium dodecyl sulfate (SDS). It is the main raw material of detergent products,
with decontamination, emulsification, and excellent foaming power. It is a kind
of anionic surface-active agent with certain toxicity to the human body and is
a common pollutant in urban water sources.®

used in microbial fuel cells for microbial power generation. P.
otitidis AATB3 achieved the highest bioenergy (power density
280 mW/m?, current density 800 mA/m?), with a maximum
coulomb efficiency of 15.5% at pH 7. The conclusion is that
P. otitidis AATB4 can provide stable energy output as a novel
biological battery.””

Generation of Polyhydroxyalkanoates

Some researchers have studied the production of PHA by P.
otitidis. Figure 3 shows the structure and preparation process
of the PHA.”!=73

Reddy and Mohan studied the effects of medium selec-
tion and different nutrient concentrations on PHA production
of P. otitidis isolated from sewage.”! Some synergistic fac-
tors can improve PHA yield. An appropriate concentration of
molybdenum can promote PHA production.”>”* There is a
negative correlation between enzyme specificity of coenzyme

Figure 3. Chemical structure and microbial fermentation pathway of polyhy-
droxyalkanoates (PHA). A is the chemical structure of PHA. PHA is commonly
composed of (R)-B-hydroxy fatty acids. The “R” group varies from methyl (C1)
to tridecyl (C13). B is the microbial fermentation pathway of PHA. The pro-
moter upstream of phbC transcribes the entire operon. The phbCAB operon’s
genes encode three enzymes (PHB polymerase, 8-ketothiolase, and Acetoacetyl
CoA reductase).”! These three enzymes are involved in the synthesis of PHA.
PHA is polyester produced in nature by numerous microorganisms. They can be
either thermoplastic or elastomeric materials, with melting points ranging from
40°C to 180°C.”2 The mechanical properties and biocompatibility of PHA can
also be changed by blending, modifying the surface, or combining PHA with
other polymers and inorganic materials, making it possible for a wider range
of applications. It has broad application prospects in the fields of medicine,
agriculture, packaging, and electronics.”?

and glucose-dehydrogenase 6-phosphate for PHA production
in the metabolism of P. ofitidis LFM046. Analysis revealed
that the gnd gene, encoding 6-phosphogluconate dehydroge-
nase, is absent in the LFM046 genome. In LFM046, the gnd
gene of P. putidis KT2440 (NAD* dependent) and Escherichia
coli MG1655 (NADP* dependent) were expressed exogenous,
which resulted in delayed cell growth and reduced PHA yield,
respectively.”

The Synergy between P. otitidis and Plants

P. otitidis can promote plant growth and strain colony growth
in some cases. Isolated P. otitidis and Bacillus subtilis strains
from the rhizosphere soil of salt-tolerant plants in Pakistan
could precipitate free calcium into calcium precipitation. Un-
der salt stress, P. otitidis Rhizo SF7 in soil has the poten-
tial to produce acetyl-CoA carboxylase which promotes sun-
flower plant growth.”® P, otitidis TYR27 is a thizosphere growth
bacterium resistant to phytophthora capsici and anthracnose.
Researchers conducted three years of field experiments and
confirmed that all selected strains significantly reduced pepper
blight without affecting the rhizosphere microbial population.”’
P. otitidis and P. alkaline mixed bacteria were able to induce
the expression of biofibril-related genes by corresponding to
plant secretions, showing an antagonistic effect against the plant




pathogenic fungus Rosellinia necatrix. These two bacteria gath-
ered, and one of their gene (cmpA) encodes a GGDEF/EAL
domain protein. CmpA plays a role in biofilm formation, and
the EAL domain is involved in this function.”®

Antimicrobial Activity

Some researchers have studied the antagonistic effect of
P. otitidis on microorganisms under various culture conditions.
P. otitidis shows a resisting effect on Naegleria fowleri through
competitive inhibition. The anti-N. fowleri activity of P. otitidis
remains to be further studied.” Ahn studied the antibiotic pro-
duction by P. otitidis and action mode. The researchers ex-
tracted the antibiotic from P. ofitidis using ethyl acetate, which
produced an orange halo on agar. The activity of P. otitidis is
germicidal by reactive oxygen species.?® P. otitidis with activ-
ity against Leishmaniasis was isolated from the midgut of Lut-
zomyiaevansi, an insect vector of Leishmaniasis.3' P. otitidis
isolated from cow dung was proved to have nematicidal activ-
ity against Caenorhabditis elegans.®> Chellaram and Praveen
isolated P. otitidis in short-horned grasshopper. It has antag-
onistic effects on Candida albicans and E. coli.®® P. otitidis
KAF136 (MH393230) has been proven to be a strong probiotic
in biosafety, pH resistance, gastric juice resistance, bile salt re-
sistance, and hydrophobicity solvent resistance. It was proved
to resist the growth of Aeromonas hydrophila in aquaculture 3*
Some protozoa that can be inhibited by P. otitidis are shown in
Figure 4.79-85-88

Microbial Resistance

Microbial medicine resistance is a major problem in clinical
medicine and public health, which leads to an increase in
medical investment and the emergence of superbugs. Many
researchers have studied the resistance of P. otitidis, and
they found a new carbapenem-resistant gene in this novel
Pseudomonas gene, which can transcript and translate a new
MBL POM-1. MBL produced by Pseudomonas can cause many
critical diseases, such as septicemia and pneumonia.’’

Kaur et al. studied tap water from public toilets in Punjab,
India, and isolated 25 strains of bacteria, including P. otitidis.
Drug sensitivity test results showed that cefotaxime, zoltronam,
furantoline, cefepime, ceftazidime, and amoxiclaff were mostly
ineffective against multiple isolates, and most of them had
multiple drug resistance.”® Nordmann et al. studied the selec-
tion medium for screening carbapenem-resistant Pseudomonas
genus, using the medium containing meropenem (2 mg/L) to
screen carbapenem-resistant Pseudomonas. Clinical isolates
of 29 meropenem-sensitive and 56 meropenem-nonsensitive
Pseudomonas strains were evaluated, the latter showing multi-
ple carbapenem-resistance mechanisms.’’ Suzuki et al. stud-
ied the penicillin-resistant PAM gene of P. alkaline, and
theblaPAM-1 of P. alcaligenes strain MRY 13-0052 was en-
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coded in contig 73 in the chromosome without transposons or
integrons around it. The results showed that blaPAM-1 was a
species-specific MBL coding gene inherent in P. alcaligenes.
Researchers proposed that POM-1, an enzyme in P. otitidis is
highly conservative.”> Borgianni et al. systematically studied
the biochemical characteristics of POM-1 metallo-3-lactamase
from P. otitidis.”

Some researchers isolated carbapenemase-producing Gram-
negative bacilli from American factories and nearby wastew-
ater and identified 13 isolates as P. otitidis by the MALDI-
TOF method.”* Miyazaki et al. sequenced the whole genome
of P. otitidis isolated from Lake Biwa, Japan, they also found
a gene coding for POM, its amino acid sequence 99% iden-
tity to a similar protein found before.!” Vieira et al. iso-
lated meropenem-insensitive P. otitidis from chicken car-
casses and conducted in-depth genomic characterization of the
bacterium.” The blaPOM-1 gene carried by P. otitidis K_25
encodes a MBL that is resistant to carbapenems. P. otitidis
is the first pathogenic Pseudomonas to be demonstrated to
constitutively express MBL and not require inducing MBL
coding genes.”> Carbapenem-resistant P. otitidis can be iso-
lated from frozen food. Overexpression of the MBL coding
blaPOM-1 and ttgABC in P. otitidis is also associated with
carbapenem resistance in these organisms.”® Thaller et al. col-
lected 20 strains of P. otitidis and studied the sensitivity of the
metallo-B-lactams and MBL production. All strains were sen-
sitive to piperacillin, cefotaxime, ceftazidime, and zoltronam,
and occasionally showed sensitivity to carbapenems decreas-
ing. All strains expressed MBL activity and carried a new B3
subclass MBL gene blaPOM, which was highly conserved in
this species.97 Poirel et al. studied B2 MBL, it’s a PFM-like
enzyme, produced by Pseudomonas fluorescein. It is different
from B3 MBL produced by P. otitidis, which is P. otitidis’
inherent MBL coding gene.”® The prevalence and diversity
of MBL coding gene containing integrons in MBL producing
Pseudomonas sp. have been studied. Researchers investigated
alleles associated with drug resistance, and analysis of blavim-
2 and BLaiMP-1 alleles showed that all Pseudomonas, includ-
ing P. otitidis, had BLaiMP-6.%° Martins et al. discovered that
some birds were colonized by P. otitidis who have blaPOM-1
gene that encodes MBL.'% Kim et al. isolated P. otitidis that
produced POM-1 MBL from patients with necrotizing fasci-
itis and peritonitis. They made sure the important feature of
P. otitidis is the inherent MBL coding gene blaPOM-1.%> Al-
though blaPOM-1 was inherent to the species, only 10% and
35% of isolates were resistant to imipenem and meropenem. In-
terestingly, the carbapenem-insensitive strains are always sen-
sitive to piperacillin, ceftazidime, or aztreonam. This may be
because the catalytic efficiency of POM-1 against carbapenems
is higher than that of piperacillin.”® Some researchers isolated
122 carbapenemase-producing bacterial strains and studied two
P. otitidis strains’ POM-1 coding gene, they confirmed that car-
bapenase could be produced without induction.'!
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Figure 4. The comparison of three different protozoa from literature. Section A is Naegleria Sowleri,%5 Naegleria fowleri can cause fatal primary amebic
meningoencephalitis (PAM) in humans.”® Section B Promastigote form of Leishmania sp. (N-nucleus, K-kinetoplast, F-flagellum),%¢ Leishmaniasis is a disease
caused by the bite of lutzomyia or termites. It can cause host infections in humans, rodents, and dogs.” Section C is Caenorhabditis elegans. Caenorhabditis
elegans is a free-living nematode with relatively simple behaviors and structures. A complete life cycle takes three days. The organism is transparent throughout
its life cycle, observing its structure and biological processes possible by microscopy.®®

Usage in Farm

Researchers have studied the use of P. ofitidis in agriculture
and husbandry, such as herbicide resistance or the production
of various digestive enzymes. Some researchers used herbi-
cides as a carbon source to isolate Pseudomonas from three
soil types cultivated corn and cucumber. It was proved that
P. otitidis could improve soil contaminated with herbicides.'??
Lipase is a carboxyl ester hydrolase that hydrolyses triglyc-
erides into glycerol and fatty acids. It is widely used in the
food and feed processing industry. Shaini and Jayasree isolated
fat-degraded bacteria WCS1C2 and WCS3C2 from compost.
WCS3C2 strain had 91% homology with P. otitidis. And, it
had a good ability to degrade fat.'%> Ramani et al. isolated a
P. otitidis strain from sunflower seed oil waste and found that
it could produce lipase and hydrolyze sunflower seed oil.'%*
Fibriana et al. proposed that the biotransformation of oil-based
wastes from the agricultural industry by the production of lipase
in the form of solid-state fermentation or submerged fermen-
tation would play a potential role in future biotechnology.'%
Kumar and Vyas isolated one P. oftitidis strain that showed
cellulase activity on the screening medium of carboxymethyl
cellulose (CMC).'% Huang et al studied the degradation of
feather powder by isolated P. otitidis H11. Feather powder con-
tains a large amount of keratin, which is difficult to hydrolysed
by normal proteases to produce oligopeptides. The researchers
found that under the optimized fermentation conditions, the
feathers were almost completely degraded by P. otitidis H11.
This kind of hydrolysate can be used as a supplement to feeds
and as a source of extraction of functional oligopeptides.'?” Fa-
toni and Zusfahair isolated a thermophilic protease-producing
strain P. otitidis WN1 from a hot spring in Indonesia. The pro-
tease was separated and partially purified.!?® Protease is one of

the most important enzymes used in husbandry and industry.
Compared with plant or animal tissues, microorganisms are the
most studied source of proteases.'?

Usage in Healthcare

Zearalenone is a non-steroidal estrogenic mycotoxin produced
by a variety of Fusarium species, which can cause estrogen
increase and related poisoning in livestock and humans.'!° Tan
et al. isolated a strain of P. otitidis TH-N1 that could degrade
zearalenone from the rumen of cattle and evaluated its isolation
effect.!!! Uricase is an enzyme that can make uric acid oxidize
rapidly, prevent uric acid from being absorbed and excreted
by renal tubules, and has ameliorative effects on nodular ven-
tilation, urinary calculus, and hyperuricemia caused by renal
failure.!'? Lee et al. isolated a P. otitidis SN4 strain and stud-
ied the isolation, partial purification, and enzymatic properties
of its product, a 33 kDa uricase.!'3 Melanin has found great
application in various industries due to its unique antioxidant
properties.'!'* Because of the increasing demand for melanin,
scientific researchers are working to find more microbes that
have the potential to produce melanin on a large scale. Deepthi
et al. studied melanin produced byP. oftitidis and compared
the relevant tyrosinase gene sequences.'!> L-asparaginase is a
very important antitumor drug widely used in the treatment
of acute lymphoblastic leukemia and other malignant tumors.
L-asparagine is a non-essential amino acid, which is an im-
portant nutrient for cancer cells. L-asparaginase can be used
as an anticancer agent due to its high chemical efficiency in
converting asparagine to ammonia and aspartic acid.!'® In the
food industry, harmful by-product glutamine may be produced
during the fermentation of L-asparaginase. The avoidance of
glutamine production is one of the areas of current research.!'!’




Shi et al. studied a pH 7.5 L-asparaginase produced by
P. otitidis. Before this, many rhizobia genes that encode L-
asparaginase have been submitted to the NCBI database. Their
research is the first P. otitidis that can encode the L-asparaginase
coding gene (AnsA).''8 L-asparaginase is divided into two sub-
types, L-asparaginase EI and II, according to its localization
in cells.'’ The enzymatic activity of L-asparaginase obtained
by fermentation of P. otitidis could reach 0.37 TU/ mL.'?° The
maximum molecular weight of L-asparaginase produced by P.
otitidis was 205+3 kDa.!?! The enzyme is a homologous hex-
amer, and the isoelectric point of the enzyme was 5.5. Purified
asparaginase is non-toxic to non-cancerous FR-2 cells or hu-
man blood lymphocytes but can induce apoptosis of human
leukemia MOLT-4 cells.!?

PRODUCTS AND MECHANISMS

blaPOM-1 Gene and its Product POM-1
Metallo-S-lactamase

MBL is an enzyme that can change the spatial structure of
lactam antibiotics.!?® It belongs to group 3 according to bush
classification,'** while belongs to B group according to Am-
bler classification.!”> The most characteristic of this enzyme
group is that it can hydrolyze carbapenems and other similar
antibiotics. It can bind to the S-lactam rings, causing the (-
lactam ring cleavage and destruction.!?® MBL had little effect
on piperacillin and amtronam. Its activity was not inhibited
by clavulanic acid and other S-lactamase inhibitors, but it was
inhibited by EDTA.'?’ Its enzyme activity center requires the
participation of metal zinc ions, so it is called MBL.!?* Car-
bapenems, a kind of g-lactam antibiotic, are considered the
last resort for the treatment of infections caused by multidrug-
resistant pathogens. 128

The B-lactam antibiotics refer to a class of antibiotics with 8-
lactam ring in the chemical structure, including penicillin and
cephalosporin, which are the most used in clinics, as well as
other atypical 8-lactam antibiotics. These antibiotics have the
advantages of strong bactericidal activity, low toxicity, wide in-
dications, and good clinical efficacy.'?® Changes in the chem-
ical structure of this class of antibiotics especially the side
chain, lead to many different antimicrobial profiles and actions,
as well as a variety of clinical pharmacological properties.'3°
Most kinds of B-lactam antibiotics have similar mechanisms
of action. All of them can inhibit the cell wall mucin synthase,
which is penicillin-binding proteins (PBPs), and thus hinder the
synthesis of cell wall mucin, resulting in cell wall defect and cell
swelling and cleavage. In addition, the lethal effect on bacteria
should include triggering the activity of the bacteria’s autolysin,
so the mutant lacking autolysin shows drug resistance.!3! Hu-
mans and animals have no cell wall, not affected by S-lactam
medicines, so this class of drugs has selective bactericidal ef-
fects on bacteria with low toxicity to the host.'>3 The special
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PBPs on bacterial cell membranes are the target of S-lactam.
The number, molecular weight, and sensitivity of PBPs to §-
lactam antibiotics were different, but taxonomically similar bac-
teria have similar PBPs types and physiological functions.'3!
E. coli, for example, has seven PBPs. PBP1A and PBP1B are
associated with bacterial lengthening, while PBP2 is associ-
ated with membrane tube shape. PBP3 has the same function
as PBP1A, but its quantity is small, and it is related to bacte-
rial division. Most penicillin or cephalosporin antibiotics are
mainly combined with PBP1 and/or PBP3 to form filamentous
and spherical bodies, which cause deformation and atrophy of
bacteria and gradually dissolve and die. PBP4, 5, and 6 are
related to the activity of carboxypeptidase and have no impor-
tance to the survival and reproduction of bacteria.'3?

The genes that produce MBL can be divided into two types
according to their level of activity. One is a mobile genetic
element carried by plasmids that can move between different
bacteria in the same ecological environment.!33~133 Most of the
MBL coding genes they expressed were from shuttle plasmids.
Some researchers pointed out that some pathogenic genes come
from bacteriophages, which do not integrate into chromosomes
when they infect bacteria but produce plasmid derivatives that
can travel between individuals of different bacteria.!*® Another
kind of gene that produces MBL is so conserved that it ex-
ists only in one species and cannot move between species or
bacteria.'?’

Common resistance mechanisms of Pseudomonas include
overexpression of the eflux system and AmpC B-lactamase, as
well as mutation inactivation of OprD.138 To date, P. otitidis is
known to be associated with the endogenous MBL-POM.'%°
Studies have shown that P. ofitidis contains a blaPOM-1 gene,
which can be transcribed and translated into POM-1 en-
zyme, which is a B3 subgroup MBL. Some scholars have
also found that the gene can be expressed without induction.
POM is a tetramerase with broad substrate specificity and has
higher catalytic activity against penicillin and carbapenems
than cephalosporins.’’

Thaller et al. cloned the POM gene from P. otitidis, and the
clone producing MBL was named CT-1, carrying about 6 KB
of DNA. Sequencing of the inserted fragment revealed the pres-
ence of an 859 bp open reading frame (ORF) encoding a protein
like B3 subclass MBLs. It was named POM1 (named after P.
otitidis MBL). The ORF begins with a GTG codon, preceded
by an identifiable ribosomal binding site and a putative pro-
moter region.”” POM-1 enzyme showed the closest similarity
to Stenotrophomonas maltophilia L1 enzyme (60%-64%), and
it has low similarity with other B3 subclass enzymes.'4?

Some researchers sequenced and analyzed the upstream and
downstream of the POM gene of P. oftitidis and found that
the region on it was an open reading frame for predicting
the production of histamine kinase. Through gene compari-
son, it was found to be homologous with the PA_2882 pro-
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tein gene of P. aeruginosa.'*! Downstream of BLAPom-1 is a
phosphonate-capable operon protein homologous to selD that
is highly conserved.”’ Phylogenesis sketch of subclass B3 MBL
enzymes and blaPOM-1 gene are shown in Figure 5.

Mechanism of Biosurfactant Formation

Biosurfactant is a secondary metabolite synthesized by various
bacteria, yeast, and filamentous fungi. It not only has the physic-
ochemical properties of the chemical synthesis of surfactants,
but also has the advantages of being non-toxic, biodegradable,
and so on. It has a very broad application prospect.!4? Biosur-
factant interferes with microbe-host interactions and quorum
sensing mechanisms, acting as antimicrobial, insecticidal, anti-
biofilm, and anti-adhesive agents. Dinache et al. and Myers
described the structure and principle of BS.!43:14* The molec-
ular structure of surfactants is amphiphilic: one end is the hy-
drophilic group; the other end is the hydrophobic (lipophilic)
group. Hydrophilic groups are often polar groups, such as car-
boxylic acid, sulfonic acid, sulfuric acid, amino or amine groups
and their salts, hydroxyl, amide group, an ether bond, etc., it can
also be used as polar hydrophilic groups. Hydrophobic groups
are usually non-polar hydrocarbon chains, such as hydrocarbon
chains with more than 8 carbon atoms.!** BS produced by P.
otitidis P4 was mainly composed of lipids and carbohydrates.
The carbohydrate content was 386.25 pg/mL, and the lipid
content was 0.381 mg/g.>!

Emulsification is one of the main functions of biosurfactants
produced by P. otitidis, as well as other kinds of biosurfactants.
Emulsification refers to the uniform dispersion of one liquid in
extremely small droplets in an insoluble liquid. Two insoluble
liquids, such as oil and water, are divided into two layers in a
container, the less dense oil on the upper layer and the denser
water on the lower. If the appropriate surfactant is added under
intense agitation, the oil is dispersed in water and forms an
emulsion, which is called emulsification.'*> Some researchers
have studied the emulsifier formed by P. otitidis. The forma-
tion of an emulsion is a stable interaction of hydrophobic and
hydrophilic phases, largely depending on the solvent used. The
biosurfactant formed by P. otitidis is an ideal emulsifier in a sta-
ble state.'*> Some researchers studied the emulsification of BS
produced by P. otitidis. Diesel oil and kerosene (55%) were the
most effective substrates for emulsification, while sunflower oil
(45%) was the matrix with low emulsification efficiency.!*® The
results show that the biosurfactants of P. otitidis can emulsify
different types of hydrocarbon compounds and can improve the
utilization rate of insoluble hydrocarbon compounds.

Researchers used different methods to detect surfactants.
Ctab-methylene blue agar test is a simple method to detect
anionic surfactants. Researchers found isolated P. ofitidis strain
P4 reacted positively on CTAB-methylene blue agar medium,
after incubation at 37 °C for 48 h. A blue halo appeared around
the colony.! The relative hydrophobicity of the bacterial sur-

face was measured by the bacterial adhesion to the hydrocar-
bons method. The results showed that the hydrophobicity of the
bacterial surface was up to 69.3% used crude oil for growth.!#’

Submerged fermentation of surfactant-producing P. otitidis
was carried out to study the amount of biosurfactant produced
at different fermentation stages, from the late exponential pe-
riod to the end of the stationary period.'*® Ron and Rosenberg
have also reported that biosurfactants are typically produced
during both logarithmic and stationary phases, and that release
of cell-bound surfactants into the growth medium results in a
reduction in surface tension, even after the stationary phase.'*’
The BS produced by P. otitidis P4 showed good surface tension
reduction ability, reducing the surface tension of the medium
from 71.18 mN/m to 33.4 mN/m.>!" This result is comparable
to reports of BS production by P. aeruginosa.'>%13!

Different carbon and nitrogen sources have important effects
on the production of biosurfactants in P. otitidis. The prefer-
ence of microbial carbon sources for biosurfactant production
depends on the strain. Different strains produce biosurfactants
in different carbon sources, which may be water-soluble or in-
soluble substances.'>? In P. oritidis P4, 2% Sodium acetate was
the most effective carbon source, and yeast extract (0.03%) was
the most effective nitrogen source to produce biosurfactant.
The growth and formation of biosurfactants were not observed
in the medium without nitro.>! P. otitidis cannot use ammo-
nium ions to produce biosurfactants under certain nutritional
conditions. Maneerat reported that when nitrogen concentra-
tion in the medium is depleted, the yield of surface-active
compounds increases due to the decreased activity of isoci-
trate dehydrogenase.!>® Isocitrate dehydrogenase is catalyzed
by nicotinamide adenine dinucleotide (NAD) and nicotinamide
adenine dinucleotide phosphate (NADP) for the oxidation of
isocitrate to 2-oxygen glutaric acid in the citric acid cycle. As
isocitrate dehydrogenase activity declines, isocitrate and cit-
rate begin to accumulate. In the cytoplasm, citric acid synthase
converts citric acid to oxaloacetate and acetyl-coA, which act
as a processor for fatty acid synthesis, thereby increasing bio-
surfactant production.'>*

Some researchers have found that the biosurfactant produced
by P. otitidis is heat resistant because heating at 80-100 °C
has no significant effect on surface tension and emulsifying
activity.’! However, the surfactants produced by P. oftitidis are
not adapted to all environments. Any decrease or increase in
emulsifying activity at extreme temperatures may be due to
some structural changes in surfactant molecules.'> The sur-
face tension and emulsifying activity of biosurfactants remain
stable over a wide pH range (3-11).'3° The highest emulsifying
activity (68.7%) was observed at neutral pH (pH=7), but sig-
nificant stable emulsifying activity was also observed at acidic
pH (pH=3, 44.4%) and alkaline pH (pH=11, 54.5%). The de-
crease in emulsification under extreme pH conditions may be
due to partial precipitation of biosurfactants.!*® Biosurfactants
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Figure 5. Phylogenesis sketch of subclass B3 MBL enzymes and blaPOM-1 gene. A is a Phylogenesis sketch of subclass B3 MBL enzymes. The closest match to
POM-1 is L1 from Stenotrophomonas maltophilia, their similarity is 60%-64%. B is Genetic context of blaPOM-1. Numbered arrows show the location of primers
used for PCR amplification (Section B): 1, Pom-seq/F; 2, Pom-seq/R; 3, POTSEQ/F; 4, POM948/R; 5, CT1{t/F; 6, CT1Prom/R.7

can withstand 2.0% to 10.0% salt concentrations, with maxi-
mum emulsifying activity observed at 4% NaCl. Helvaci et al.
explained the reasons for stable surface tension at extreme salt
concentrations.'>” They describe the presence of electrolytes in
the culture medium that directly affects the carboxylic groups
of sugar lipids. At alkaline pH, there is a net negative charge in
the solution due to the ionization of the carboxylic group. In the
presence of NaCl, Na* ions shield negative charges in a dou-
ble electric layer, resulting in the formation of a tightly packed
monolayer, followed by a decrease in surface tension. In brief,
stability studies showed that biosurfactants remain active at ex-
treme temperatures, pH, and salt concentrations. What needs to
be pointed out is that hemolysis, drop-collapse, oil spreading,
E»4, BATH, and surface tension methods are used to screen the
presence of biosurfactants.

CONCLUSION

Pseudomonas sp. is a widely studied bacterial species. It is a
new type of Pseudomonas sp., which was first discovered in
2002 and was systematically studied by researchers after 2006.
P. otitidis can be isolated from the infected site of a patient. It
is pathogenic and can cause a single infection or a mixture of
multiple infections. P. otitidis can also be isolated from natural
environments, such as lakes, sludge, and contaminated envi-
ronments. Research showed that P. ofitidis can be used and
decompose many substances and pollutants that exist in na-
ture, such as crude oil, polycyclic aromatic hydrocarbons, dyes,
SDS, and zearalenone. P. otitidis can also produce some ben-
eficial substances that can be used, such as digestive enzymes,
antibiotic substances, melanin, L-asparaginase, and so on. The
unique POM MBL of P. otitidis has received much attention.
Compared with common plasmid DNA, the POM coding gene

is a conserved intrinsic gene. Functionally, it can decompose
Carbapenem antibiotics such as meropenem, leading to the
generation of super-resistant bacteria. Pseudomonas, including
textitP. otitidis, can produce a large sum of biofilms. Like other
bacteria, P. otitidis sticks to material surfaces and secretes many
extracellular polymers (glycolipids) that form biofilms. Biofilm
can support and protect the whole microflora in a certain area.
There is also research on the synergistic effect of plants, the
research on biological batteries, and the research on the pro-
duction of degradable plastic PHA by Pseudomonas. Due to
the late discovery of P. otitidis and the fact that P. otitidis is eas-
ily confused with other bacteria in species identification, some
research fields on P. otitidis are not in-depth at present. There
are many aspects of genomics, enzymology mechanisms, and
clinical research worthy of further investigation. By now, the
research on P. otitidis is still producing new results and interest-
ing findings continuously as this strain could offer increasing
benefits to humans.
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ABSTRACT

Objective: Arum L. is the largest genus of Aroids. Tubers, leaves, and fruits of Arum italicum Mill. (Araceae) are used as a
traditional medicine in the treatment of hemorrhoids and in preparing local dishes in Turkey. In this study, the fatty acid contents of
the wild and cultivated seed oils of A. italicum Mill. species from the Kirklareli region in Turkey were determined and compared
by the gas chromatography-mass spectrometry method.

Materials and Methods: Seed oils were obtained via petroleum ether extraction. Fatty acid methyl esters were prepared with
boron trifluoride/methanol derivatization and analyzed with TC WAX capillary gas chromatographic column.

Results: The amount of 13-phenyl tridecanoic acid, which is the specific fatty acid of Arum italicum Mill. species, was found to
be similar in both samples. In addition, 2-hydroxy palmitic acid was identified for the first time in the same species.

Conclusion: This is the first report on the presence of the 2-hydroxy palmitic acid content of Arum italicum Mill. seeds from

Turkey.

Keywords: Arum italicum Mill., Seed, Fatty acids, 13-Phenyl tridecanoic acid, 2-Hydroxy palmitic acid

INTRODUCTION

The Araceae family is represented in Turkey by 32 taxa, consist-
ing of five genera, 22 species, five subspecies, and 12 varieties.
Arum L. is the largest genus among other aroids of Turkey.
Representatives of the genus are distributed in Central Asia,
Europe, Macaronesia, the Mediterranean, and the Middle East
regions. The plant can be found mainly in shady places, near
walls, abandoned gardens, cemeteries, and at the base of olive
and oak trees. Arum italicum Mill. is a well-known species,
grown not only for the attractive foliage, but also for rich colored
berries that are produced in the autumn in Turkey. The plants
sprout in early autumn or early winter from a rhizomatous tu-
ber. It produces arrow or broad hastate or sagittate-hastate deep
green leaves, usually with silver or grey blotches, 9-35 (-40)
cm long, 2-29 cm wide, and with 15-40 cm long petiole. They
produce oblong cylindric fruiting spikes consisting of deep
orange or red berries, which are also attractive to birds. The

individual fruits contain between two and five seeds. Each seed
consists of a leathery, reticulate testa. Arum L. taxon has been
familiar to Eastern Mediterranean people for centuries and has
many vernacular names, such as Serpent knife (Yilan bicagr),
Serpent dagger (Yilan burcagt), Serpent vetch (Yilan kamast),
and Serpent pillow (Yilan yastig). Plants have been used as a
traditional medicine and food, mostly in rural areas, regardless
of the species in the country. The tubers, leaves, and fruits of
A. italicum Mill. are mainly used as a traditional medicine and
in preparing local dishes. In some areas of Turkey, ripe fruits
are considered as an effective treatment for hemorrhoids: two
or three are swallowed with a glass of water each morning for
a week.! ™4

The aim of this study was to compare the fatty acid contents
of the seed oils of wild and cultivated A. italicum Mill. from
the Kirklareli region of Turkey by gas chromatography-mass
spectrometry (GC-MS).
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MATERIALS AND METHODS

Samples

Ripe fruit of the wild A. italicum Mill. were collected from a
field around the Kirklareli region (Northwestern Turkey) when
the plants were in the fruiting state and could be identified (July
2018). Ripe fruits of the cultivated specimens were also col-
lected from the same population above, and the seeds were sown
for germination, blooming, and growth at the Alfred Heilbronn
Botanical Garden, Istanbul University (2015).

Oil Extraction

The dried and crushed seeds were extracted with petroleum
ether (40-60 °C) for four hours in a shaker. The solvent was
removed and evaporated at 40 °C under nitrogen flow. The
obtained oil was kept in a vacuum desiccator with P,O5 and
then weighed.

Derivatization of Fatty Acids

The dried and crushed seeds were derivatized with 20%
BF3/MeOH according to the method of Soukup and Holman.?
The obtained methyl esters were extracted with petroleum ether
(40-60 °C), and the solvent part was evaporated under nitrogen
flow at 40 °C.

GC-MS Analysis

The GC-MS model with mass selective detection (ionization
energy, 70 eV; source temperature, 300 °C) was used (Agi-
lent 7890B Series GC System). The fatty acid methyl esters
were analyzed with TC WAX capillary gas chromatographic
column (Capillary column: 30 m x 0.25 mm id, 0.25 mm film
thickness; temperature program: 170-210 °C, 1 °C/min) (GL
Sciences Inc.). Helium was used as the carrier gas (split ratio
1/20). The injector and detector temperatures were 230 °C and
250 °C, respectively. The fatty acid methyl ester standard mix-
tures were used for the identification of key fatty acids (Sigma).
Calculations were made according to the peak area normaliza-
tion technique.

RESULTS AND DISCUSSION

In our previous study, we had only determined the fatty acid
compositions of A. italicum Mill. which grows naturally in
Istanbul.6 However, in this study, the fatty acid compositions
of the wild and cultivated species were compared, and the
naturally grown species from Kirklareli, were investigated for
the first time. This is the first report on the 2-hydroxy palmitic
acid content of A. italicum Mill. seeds from Turkey.

The total oil amounts of wild and cultivated A. italicum Mill.
were found to be 4.08 g and 3.57 g/100 g seed, respectively.
The fatty acid contents of the wild and cultivated A. italicum
Mill. seeds from Kirklareli are in Table 1, and the comparison
of the fatty acid percentages is illustrated in Figure 1.

Figure 1. The comparison of fatty acid percentages of the wild and cultivated
Arum italicum Mill. seed oils.

The main fatty acids were found as palmitic acid, cis-vaccenic
acid, and linoleic acid. While the amounts of palmitic acid and
cis-vaccenic acid were similar in both samples, the amount of
linoleic acid was found to be higher in the wild sample with
lower contents in the samples from Istanbul.®

It is noteworthy that cis-vaccenic acid, which is an eighteen-
carbon monounsaturated fatty acid, is one of the main fatty
acids. It is the main fatty acid in bacteria, and it has bacterial
biomarker properties. It is found in very small amounts in plant
and animal tissues.”-3

The amounts of 13-phenyl tridecanoic acid, which is a spe-
cific fatty acid to Arum species, were found to be similar in
both samples, which contrasts with the literature findings.-8
The mass spectrum and formula of 13-phenyl tridecanoic acid
are provided in Figures 2a and 2b, respectively. w-phenyl fatty
acids are cyclic acids with a terminal phenyl group. They are
found in seed oils of the Araceae especially.”1°

The presence of 2-hydroxy palmitic acid (which is effective
on inflammation and diabetes)!! was determined for the first
time in A. italicum Mill. species. It was found to be approxi-
mately three times more in the culture. The mass spectrum and
formula of 2-hydroxy palmitic acid are provided in Figures 3a
and 3b, respectively. The 2-hydroxy palmitic acid consists of a
C16 chain with a hydroxyl group at position 2.
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Table 1. Fatty acid contents of the wild and cultivated Arum italicum Mill. seed oils (% of total major FAME).

Fatty acid Retention  Wild Cultivated
time (min)  Arum italicum (%) Arum italicum (%)
Palmitic acid (C16:0) 7.73 22.05+0.05 21.65+0.05
Palmitoleic acid (Cl16:1w-7)  8.33 7.50+0.02 5.2140.01
Stearic acid (C18:0) 13.21 2.50+0.01 2.31£0.02
Oleic acid (C18:1w-9) 13.89 6.63+0.03 6.88+0.04
cis-Vaccenic acid (C18:1w-7) 14.14 14.10+0.04 16.15+0.07
Linoleic acid (C18:2w-6)  15.58 34.30+0.05 28.12+0.06
Linolenic acid (C18:3w-3) 18.17 2.09+0.01 3.62+0.02
21.47 3.63+0.02 8.66+0.02
2-Hydroxy palmitic acid (2-OH PA)
13-Phenyl tridecanoic acid 37.57 7.20+0.03 7.40+0.03

(13-PTDA)

The mean values of the results are given as mean + standard deviation.

Figure 2. Mass spectrum (a) and formula (b) of 13-phenyl tridecanoic acid.

Figure 3. Mass spectrum (a) and formula (b) of 2-hydroxy palmitic acid.
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CONCLUSION

In this study, the amount of 13-phenyl tridecanoic acid, is the
specific fatty acid of A. italicum Mill. species, was found to
be similar in the wild and cultivated samples from the Kirk-
lareli region in Turkey. For the first time, 2-hydroxy palmitic
acid was identified in this species. It is planned to investigate
the fatty acid compositions of other wild and cultivated Aroid
species in Turkey for chemotaxonomic and also for therapeu-
tic purposes. Since suitable herbarium specimens could not
be prepared from the fruiting plants in this investigation, it is
planned to create a herbarium sample by collecting from the
same locality in Kirklareli at the appropriate time (when the
plant is in bloom). A systematic evaluation can be performed
when the oil compositions of the seeds of all Arum L. species
are revealed.
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The Effects of Refrigerated Storage Time on Sialic Acid and Nitric Oxide
Levels and Oxidant Antioxidant System of Human Milk

Begum Gurel Gokmen', @ Tugba Akbay?

IMarmara University, Institute of Health Science, Department of Biochemistry (Pharmacy), Istanbul, Turkiye
2Marmara University, Faculty of Dentistry, Department of Basic Medical Sciences, Istanbul, Turkiye

ABSTRACT

Objective: Human milk (HM) is a marvelous nutrition that serves all the needs of infants in the first six months with the vitamins,
minerals, proteins, carbohydrates, and lipids it contains. For the first 4-6 months of a baby’s life, Nursing is accepted as the most
beneficial and recommended feeding method. The greatest technique for providing nutrition in the absence of breastfeeding is
through expressed HM. In this case, milk storage conditions become critical. The proper storage of HM is essential for preserving
the nutritional and antioxidant properties of HM. This study aims to examine the effects of storing HM in the refrigerator.

Materials and Methods: The effects of storing HM in the refrigerator were examined for four days with regard to the protein
profile oxidant-antioxidant balance and nitric oxide (NO) and sialic acid (SA) levels.

Results: Total protein (TP) levels decreased gradually over the four days. In the SDS-PAGE electrophoresis method, the heavy chain
sIgA and «-casein bands also disappeared in HM. While glutathione-S-transferase and superoxide dismutase activities decreased
significantly during the first two days, their activities fell below the detection limit in the last two days. While the glutathione level
and catalase activity also decreased gradually over the four days, the malondialdehyde, SA, and NO levels increased significantly.

Conclusion: HM can be safely stored in the refrigerator for two days due to the TP, SA, and NO levels, as well as the antioxidant
enzyme activities, remaining unchanged from the first day of expressing HM.

Keywords: Human milk, storage, oxidant-antioxidant system, nitric oxide, sialic acid, SDS-PAGE electrophoresis

INTRODUCTION 4

mune system regulation, prebiotics, and cognitive functions.
The main antioxidant enzymes of HM are superoxide dismutase
(SOD), catalase (CAT), and glutathione-s-transferase (GST).>-
Glutathione (GSH), a tripeptide that provides the infant with

antioxidant protection, is also found in HM.”

Human milk (HM) is a valuable food that contains all the com-
ponents required for the development and growth of an infant.
HM is a liquid that varies depending on the mother’s age,
medication use, diet, and health and is produced to satisfy the
specific needs of each infant.! Furthermore, HM serves im-
portant functions such as strengthening the immune systems

The sialic acid (SA) bound to oligosaccharides accounts for
around 75% of the total SA contained in HM.® Human milk

of infants, protecting infection, supporting brain development,
and improving digestive system functions.?

HM contains many proteins, carbohydrates, lipids, minerals,
vitamins, hormones, antioxidant agents, and immunoglobulins
that play regulatory and structural roles, as well as antimi-
crobial peptides, growth factors, and small molecules, and is
secreted by mammary epithelial cells." HM proteins consist
of up to 70% whey proteins (e.g., a@-lactalbumin, lactoferrin,
secretory immunoglobulin A) and 30% caseins («, 8, and «).>
HM proteins serve many biological functions such as nutri-
tion, nutrient transport, enzymes, intestinal development, im-

oligosaccharides (HMO) are prebiotic components that cannot
be digested by the infant but instead stimulate the growth of
beneficial bifidobacteria.” HMO containing SA is acidic and
contains SA in the terminal position of the chain. It consti-
tutes 12-14% of the total HMO content.!® The trisaccharide
sialyllactose, which consists of lactose at the reducing termi-
nus and a Sia residue at the nonreducing terminus, is one of
the main sialyloligosaccharides in HMO sialyllactose and a key
component of HMO.!! The SA levels in HM change with the
geography, genetics, and diet of the breastfeeding mother. The
high sialyloligosaccharide content of HM appears to provide
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excellent conditions for the human newborn’s absorption and
use of the milk Sia to satisfy developmental requirements.'?
SA in HM plays an important role in brain and neural devel-
opment. Its highest level occurs at the beginning of lactation
(5.04 mM) and gradually decreases during the lactation period
(1.04 mM).13-14 Also, another source of SA in HM is k-casein,
a glycoprotein with SA residues. !’

Nitric oxide (NO) is formed from arginine by the NO synthase
enzyme in the endothelial cells and can be found in these cells
in the form of a nitrate or nitrite. Recent studies have shown
that xanthine oxidase in HM catalyzes the anaerobic reduction
of inorganic nitrite to NO.'® This reaction is thought to be the
source of NO in HM. In mammary gland epithelial cells, the
xanthine oxidase enzyme bonds to the membrane of milk fat
globules.!” NO is found in HM at around 100 1M. It regulates
blood pressure, prevents infections, and regulates the immune
system in infants.!8

The most ideal way to feed HM to a baby is by breastfeed-
ing. However, breastfeeding may sometimes be discontinued
due to problems arising from the mother or the infant. Storage
conditions and duration are important for the nutritional con-
tent, antioxidant capacity, immunological content, and bacterial
content of HM.'® Many studies have shown storing HM in the
refrigerator to affect the total protein content and antioxidant-
oxidant balance over time.”~7-20=23 However, no study is found
in the literature to have shown the effect of storing HM in the
refrigerator with regard to SA and NO levels. Therefore, the
results of this study provide a detailed and comprehensive un-
derstanding of the changes that occur during the storage of HM,
as well as a new perspective to the studies in this field.

MATERIALS AND METHODS
Human Milk Collection

HM collection protocol was approved by the Marmara Uni-
versity School of Medicine Ethics Committee (Approval No.
09.2019.893). Eight breastfeeding mothers signed informed
consent forms before donating fresh milk.>* HM samples were
expressed with a pump and stored in milk bags (Lansinoh-
Breastmilk Storage Bags). These bags were stored at +4°C
during the four days of the experiment (Figure 1).

Determining the Oxidant Parameter

Malondialdehyde (MDA) levels were determined as an oxidant
parameter for measuring the lipid peroxidation level in HM.?3
This method reacts MDA and thiobarbituric acid to produce a
pink-colored compound and measures the absorbance of this
compound spectrophotometrically. The results are presented
as pmol MDA/mL using an extinction coefficient of 1.56x105
M~'em™! to represent the equivalent amount of MDA.

Determining the Antioxidant Parameters

This study investigates the changes over four days regarding
GST?®, CAT?” and SOD?® activities and GSH level® as an-
tioxidant parameters.

In order to determine GSH levels, the study uses a method
based on the spectrophotometric detection of the yellow product
formed as a result of the reaction of the sulthydryl groups of
GSH with the Elmann reagent (5,5-dithio-bis-2-nitrobenzoic
acid). The results are presented as mg% glutathione using an
extinction coefficient of 13600 M~! cm~".

The study investigates GST activity using spectrophotomet-
ric detection of the product formed as a result of the reaction of
GSH and 1-chloro-2,4-dinitro-benzene at 340 nm. The results
are presented as U/mL.

The study determined SOD activity, namely the oxidation of
riboflavin sensitized o-dianisidine by the SOD enzyme, spec-
trophotometrically at 460 nm. The results are presented as
U/mL.

The study determined CAT activity by monitoring the con-
version reaction of H,O, to H,O with a decrease in absorbance
at 240 nm. The results are presented as U/mL.

Determining the Nitric Oxide and Sialic Acid Levels

To determine the NO levels, vanadium (IIT) chloride causes the
quantitative reduction of nitrate to nitrite. The complex dia-
zonium compound is produced when N-(1-Naphthyl)ethylene
diamine dihydrochloride reacts with nitrite in the presence of
sulfanilamide. The absorbance of the resulting colored complex
is measured spectrophotometrically at 540 nm. The results are
presented as 1M.??

The study identified the SA levels spectrophotometrically at
549 nm through the product formed as a result of the reaction of
B-formyl pyruvic acid (resulting from periodic acid oxidation)
with thiobarbituric acid. The results are presented as g%.°

The Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE) of HM

The total protein (TP) concentration of HM was determined
from skim HM using the Lowry method over the 4 days.3! The
results are presented as g/dL.

The SDS-PAGE method was carried out using the Laemmli
system.3? The molecular weight of the protein bands was deter-
mined by comparing the migration rates of the protein standard
(BioRad, Rome Italy). The changes in the protein band intensi-
ties were examined using ImageJ software. The bands’ intensi-
ties and peak areas were also calculated in ImageJ software.3?
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Figure 1. The experimental design.NO = nitric oxide, SA = sialic acid.

Statistical Analysis

The results were evaluated using the GraphPad Prism 6.0 pack-
age program (GraphPad Software, San Diego, CA, USA). Data
were obtained from at least 10 replicate experiments and pre-
sented as means + standard deviations. Groups of data were ana-
lyzed using analysis of variance (ANOVA) followed by Tukey’s
multiple comparison tests, with a p<0.05 being regarded as
significant.

RESULTS
The Oxidant Parameter of HM

The HM MDA level is a final product of lipid peroxidation and
therefore a good marker of the degree of the oxidation process.
Lipid peroxidation occurs as the result of the direct action of
oxygen or other oxidative agents on unsaturated fatty acids and
others in the cell membrane. This study saw the MDA level
in the HM stored in the refrigerator to increase gradually and
significantly over the four days (p<0.05; Table 1).

The Antioxidant Parameters of HM

This study presents the results of the changes in GSH levels and
GST, CAT, and SOD enzyme activities as antioxidant param-
eters of HM over the four days in Table 1. The GSH level and
CAT enzyme activity of HM stored in the refrigerator gradually
and significantly decreased over the four days (p<0.05). On the
other hand, the GST and SOD enzyme activities decreased sig-

nificantly on the second day compared to the first day (p<0.05),
with no further activity regarding the GST and SOD enzymes
in HM being detected on Days 3 and 4.

The Nitric Oxide and Sialic Acid Levels of HM

The NO values of HM increased significantly over the four
days (p<0.05; Figure 2). The SA results of HM revealed no
significant increase in the first three days, while observing a
significant increase on Day 4 (Figure 3).

SDS-PAGE Results of HM

The TP level of HM decreased significantly over the four-day
storage period. However, no significant difference occurred in
the TP levels between Days 2 and 3 (Figure 4). Significant dif-
ferences in the SDS-PAGE gel electrophoresis bands of HM
were observed to be consistent with the change in TP. Three
bands were seen on the electrophoresis gel images around 66
kDa, which belong to lactoferrin (Area 1, band a), serum albu-
min (Area 1, band b), and the sIgA heavy chain (Area 1, band
¢) from top to bottom, respectively. The bands around 24 and
36 kDa are the alpha-casein (Area 2, band d), beta-casein (Area
2, band e), kappa-casein (Area 2, band f), and sIgA light chain
(Area 2, band g) from top to bottom, respectively. The band at
21 kDa is beta-lactoglobulin (Area 3, band h), and the band at
14 kDa is alpha-lactalbumin (Area 3, band i; Figure 5).

The protein intensity in the lactoferrin, serum albumin, sIgA
heavy chain, and k-casein bands in the gel significantly de-




European Journal of Biology

Table 1. Oxidant-antioxidant parameters of human milk.

Figure 2. NO levels in human milk.NO = Nitric oxide.* signifies p<0.05
compared to Day 1; O signifies p<0.05 compared to Day 2; A signifies p<0.05
compared to Day 4.

creased on Days 3 and 4 compared to Days 1 and 2. The
a-casein, B-casein, sIgA light chain, S-lactoglobulin, and a-
lactalbumin bands in the gel did not change over the four days
(Figure 6 and Table 2).

DISCUSSION

HM is a highly nutritious substance that is not only packed with
essential nutrients for a growing infant but also contains sev-
eral chemical substances and antioxidants that play a significant
role in promoting infant health. The effect of HM storage con-
ditions on its antioxidant properties mainly involves changes
in the antioxidant activity and levels of antioxidant compounds

Figure 3. SA levels in human milk.SA = sialic acid .* signifies p<0.05 compared
to Day 1; A signifies p<0.05 compared to Day 4.

present.>* HM should be stored at most for 3 hours at room
temperature 25°C, 3 days in a refrigerator +4°C, or lastly up
to 3 months in a freezer -20°C. 3> The nutritional content of
HM has been determined to change when these periods are
exceeded.*®3” Miranda et al. reported a significant increase in
MDA values when HM had been stored in the refrigerator for
2 days compared to fresh milk.?3 The current study found the
MDA levels of HM to gradually increase over the four days,
which is consistent with the literature.

Many studies have examined the change in the antioxidant
capacity of HM based on storage conditions. Ankrah et al.’s
study found a significant decrease in GSH levels when HM was
kept at 4°C for 2 hours.” Marinkovic et al.’s study observed a
significant decrease in HM SOD activity when kept at -20°C
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Table 2. Electrophoresis gel band image area analysis.

Protein Protein Peaks Areas (cm?)
Area Protein
Bands Day 1 Day 2 Day 3 Day 4
a Lactoferrin 100.2 100.6 69.0 68.9
1 b Serum albumin 40.2 40.4 23.7 21.2
c sIgA heavy chain 16.5 16.5 5.6 5.6
d o casein 156.1 158.2 157.1 152.6
e P casein 92.7 92.7 92.4 923
: f K casein 6.59 6.54 0.04 0.04
g sIgA light chain 7.6 7.6 7.6 7.5
h B lactoglobulin 19.6 19.7 19.7 19.6
: 1 « lactalbumin 185.3 185.6 185.3 185.2

Figure 4. Total protein levels in human milk.* signifies p<0.05 compared to
Day 1; O signifies p<0.05 compared to Day 2; A signifies p<0.05 compared to
Day 4.

for 7 days.> These results are also consistent with the findings
from the current study. No study is found in the literature to
have addressed the changes in GST and CAT activities of HM
based on storage conditions. This study saw the GST, SOD,
and CAT activities of the HM to gradually decrease during
the four days. Even the GST and SOD activities fell under the
detection limit after two days of storage. Paduraru et al. showed
the total antioxidant capacity of HM to decrease when stored
at 4°C for one to three days.6 Consistent with these studies, the
current study detected significant decreases in GSH levels and

Figure 5. SDS-PAGE profiles for human milk. a = lactoferrin; b = serum
albumin; ¢ = sIgA heavy chain; d = @-casein; e = B-casein; f = k-casein; g =
sIgA heavy chain; h = B-lactoglobulin, i = a-lactalbumin.

antioxidant enzyme activities over the four-day storage period
in the refrigerator.

A search of the literature search revealed no findings related
to the changes in SA and NO levels in HM during storage in
a refrigerator. This is why the current study focused on mea-
suring SA and NO levels in HM. HM contains a significant
amount of SA, primarily in the form of N-acetyl neuraminic
acid.'* Wang et al. determined SA levels in colostrum, transi-
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Figure 6. Image J protein band peaks. a = lactoferrin; b = serum albumin; ¢ = sIgA heavy chain; d = a-casein; e = B-casein; f = k-casein; g = sIgA heavy chain;

h = B-lactoglobulin; i = a-lactalbumin.

tion, and mature HM. This current study identified SA levels
in mature milk to be at 0.01 g/dL, while Wang et al. found the
total SA level in mature milk to be 0.045 g/dL.3® No study is
found in the literature regarding the change in HM SA levels
based on storage conditions. Therefore, the SA findings from
the current study are novel, which found the SA levels of HM to
not change over the first three days of storage in a refrigerator
but to increase very sharply on Day 4. In HM, 21%-28% of SA
was bound to glycoproteins, with only 3% of SA being found
in an unbounded form.>* The SA levels measured in the first
three days are believed to have been the free SA found in HM.
Because approximately 12-14% of the total SA in HM is bound
to oligosaccharides and 21-28% to glycoproteins, this increase
observed on the fourth day may have been due to the release of
the SA bound to the oligosaccharide and glycoprotein through
the activity of the sialidase enzyme. Because sialylation is im-
portant for cell functioning and affects the biological stability of
glycoproteins, desialylation in milk is an undesirable reaction
as it indicates the oligosaccharides or glycoproteins to which
the SA had been attached have lost their function.

This study investigated the NO levels in HM as one of the
novel parameters that change with storage in a refrigerator.
NO is produced in breast tissue and may stimulate lactation
in humans. Fernandes et al. found the nitrate value in HM to
range from 42.6 1M to 96.6 1M.*? Yiiksel et al. found the NO
value in mature HM to be 93 pM.'® This study found the NO
level of HM to be 22 uyM on Day 1 and then to increase on Day
4. The literature search revealed no study to have addressed
changes in the NO level of HM based on storage conditions. In
this study, the increase in NO concentration of HM on Day 4
can be related to the NO produced by bacterial NO synthase.

If storage exceeding 72 hours is required, cryopreservation is
preferred to prevent bacterial growth.*!

Igbal et al. found HM protein content to decrease gradually
over three days under refrigerated storage conditions.?’ The cur-
rent study similarly found the protein levels in HM to decrease.
Meng et al.’s electrophoretic examination of HM showed the
disappearance of sIgA bands after two days and of lactoferrin
bands after five days for HM kept at 4°C.%? Another study on
HM electrophoresis determined the S-casein bands to decrease
at the end of seven days.?! The current study found the lacto-
ferrin, serum albumin, sIgA, and k-casein bands to decrease on
Days 3 and 4 compared Days 1 and 2.

CONCLUSION

In conclusion, while storing HM at +4°C for three days did not
significantly change the SA and NO levels, these parameters
increased significantly on Day 4. Although the SA and NO
levels didn’t increase until Day 4, storing HM for only two days
is considered safer due to the decreased antioxidant capacity and
increased lipid peroxidation on Day 2. This is in comparison to
the three days of storage recommended in many guidelines.
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Usnic Acid Exerts Antiproliferative and Apoptotic Effects by Suppressing
NF-«xB p50 in DU145 Cells
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ABSTRACT

Objective: Nuclear factor kappa B (NF-kB) is one pathway that controls the expression of genes involved in many cancer events
such as proliferation, apoptosis, metastasis, and invasion. Usnic acid is a molecule with many biological effects such as being anti-
cholinergic, gastroprotective, anti-inflammatory, anti-cancerous, and especially antioxidant. This study aims to mechanistically
examine the apoptotic behaviors of usnic acid in DU145 prostate cancer cells and the molecules it acts on in the NF-kB pathway.
Materials and Methods: This study investigates the apoptotic changes in DU145 cells after usnic acid administration through

JC-1 staining and caspase-3 activity measurements. In addition, it tests the effects of usnic acid on subunit p50 and p65 protein
and gene expressions in the NF-kB pathway through the respective Western blot and qPCR measurements.

Results: The ICs, values of usnic acid at 24 and 48 h in DU145 cells were calculated as 167.06£12.35 pM and 42.15+3.76 pM,
respectively. In addition, JC-1 staining showed usnic acid-treated DU145 cells to trigger apoptosis by increasing the membrane
permeability of their mitochondria. NF-xB p50 protein expression was also found to be suppressed after usnic acid administration.
Conclusion: The results of this study show usnic acid administration to suppress proliferation and to induce mitochondrial
apoptosis by suppressing the NF-xB pathway in DU145 cells. This effect of usnic acid indicates it to be combinable with
chemotherapeutic agents and evaluable as an alternative in cancer treatment.

Keywords: Apoptosis, NF-kB pathway, prostate cancer, usnic acid

INTRODUCTION strated a primary role in the inflammation and initiation of
immune response. NF-kB has been emphasized to arrange
the expression of genes apoptosis migration and to control
cell proliferation in cancer development.>® Due to NF-kB be-
ing overexpressed in cancer cells, studies aimed at elucidating
this signaling pathway and developing NF-kB-targeted therapy
strategies have gained momentum with regard to cancer treat-
ment. Usnic acid is a dibenzofuran-origin compound found
abundantly in lichen species.” Usnic acid has been reported to
have many analgesic, antibiotic, antiviral, antiprotozoal, anti-
inflammatory, and cytotoxic pharmacological effects.® In ad-
dition to these effects, usnic acid has also been reported to
have similar activity with existing antioxidant molecules such
as trolox and alpha tocopherol in tests regarding antioxidant ca-
pacity measurement such as Fe*>* and Cu* reduction, DPPH,
ABTS*, DMPD*, and the O,.~ superoxide anion radical.” The

Prostate cancer is the second most widespread type of carci-
noma in males following lung cancer. According to the latest
Globocan data, 375,608 deaths due to prostate cancer have
been reported worldwide.! The most important risk factors for
prostate cancer are genetic predisposition, smoking, excessive
red meat diet, and excessive hormonal expression.” In par-
ticular, men with high serum amounts of insulin-like growth
hormone-1 are reported to be 1.7 to 3.4 times more likely
to develop prostate cancer than men with low serum levels.?
Docetaxel, cabazitaxel, mitoxatrone and estramustine are the
chemotherapeutics currently used in the treatment of prostate
cancer.* These types of chemotherapeutics also cause side ef-
fects such as nausea, vomiting, and hair loss, which make rou-
tine life difficult. Therefore, the discovery of new agents in the

treatment of cancer is an urgent necessity.

Nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-xB) transcription factor is a pathway that has demon-

phenolic groups present in the structure of usnic acid strengthen
its radical scavenging effect, with usnic acid showing greater
effects in aqueous media due to being a natural antioxidant.'?
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Usnic acid has also been shown to have a high capacity to scav-
enge superoxide radicals in methanol extracts of usnic acid
isolated from lichen species.!! Investigating the anti-cancer
effects of natural substances with antioxidant properties and
high bioactivity and determining their effects on cellular pro-
cesses are important. This study investigates the proliferative
and apoptotic effects of usnic acid application in DU145 cells
and additionally examines the possible effects of usnic acid
applications on p50 and p65 expression in the NF-kB pathway.

MATERIALS AND METHODS
Chemicals and Cell Culture Equipment

Usnic acid was purchased from the Sigma company (Sigma
329967, Darmstadt, Germany). All equipment and supple-
ments for cell culturation such as Trypsine-EDTA, penicillin-
streptomycin, fetal bovine serum, and DMEM medium were
bought from Gibco (Billings, MO, USA).

Cell Culture

The DU145 human prostate cancer cell lines were bought
from the American Type Culture Collection (ATCC HTB-81,
Rockville, MD, USA). Cells were grown in a DMEM medium
supplemented with 100 pg/mL streptomycin, 100 U/mL peni-
cillin, 10% fetal bovine serum, and 2 mM L-Glutamine at 37°C
and 5% CO, ambient conditions. The cell medium was re-
newed every two days. Once the cells reached 90% occupancy,
the stocks were subcultured.

Cytotoxicity Test (MTT Assay)

The DU145 cells were added at a density of 5x10° to 96-well
plates in 100 pL of DMEM medium. Cells were incubated for
24 h at 37°C in the CO, incubator. Cells were incubated for
24 and 48 h after adding the 5, 10, 25, 50, 100, 250, and 500
pM usnic acid concentrations. At the end of the incubation, 5
mg/mL of MTT (ODC Research and Development Inc., Turkey)
were added to the cells, and the cells were incubated for an
additional 4 h. After discarding the medium from the cells, 100
pL of DMSO was suffixed to all wells to dissolve the formazan
dye that had formed. The intensity of the color that formed was
measured spectrophotometrically at 570 nm.'? The percentage
of viable cells was calculated utilizing the following formula:

Cell Viability (%)= (OD test sample/OD control) X 100 (1)

LumiTracker Mito JC-1 Staining

JC-1 is a fluorescent dye used to evaluate mitochondrial mem-
brane potential in apoptotic studies. The DU145 cells were
added at a density of 1x10° to 6-well plates. After being incu-

bated for 24 h, 40 pM usnic acid was applied to the cells for
another 48 h. The JC-1 dye (ThermoFisher T3168, Waltham,
Massachusetts, USA) was added to all wells at a concentration
of 10pg/mL, and the cells were incubated at 37°C for 10 min
before taking images under a fluorescent microscope. '

Caspase-3 Activity Measurement

The DU145 cells were seeded at a density of 1x10° to 6-well
plates and then incubated for 24 h. Cells were exposed to 40 pM
usnic acid for 48 h, after which the cells were lysed. Caspase-3

activity was measured with the aid of a colorimetric assay kit
(Abcam, ab39401, Cambridge, UK).

Protein Expression Analysis (Western Blotting)

The DU145 cells were added at a density of 1x10° to 6-well
plates. The cells were incubated for 24 h in a CO, oven. Next,
the DU145 cells were incubated with 40 pM of usnic acid for
48 h. After the incubation, the cells were collected, and 350 uLL
of the sample loading buffer (2X) were added to each samples,
with the cell proteins underwent denaturation by heating at
95°C.

The stacking and separation gel were prepared utilizing the
solutions of pH 6.8 0.5 M Tris, pH 8.8 1.5 M Tris, 10% sodium
dodecyl sulphate (SDS), N,N,N,N-tetramethylethylenediamine
(TEMED), 30% (w/w) acrylamide-bis-acrylamide, and 10%
ammonium persulfate. The samples were then filled onto a gel
containing 5-10 pg of protein. The samples underwent elec-
trophoresis with the running buffer (38.4 mM glycine, 1% SDS,
5 mM Tris) for 1-2 h at 100V Following the electrophoresis pro-
cedure, immunoblotting was carried out by transferring the gels
to the polyvinylidene difluoride membrane. The membrane was
respectively washed 3 times using the Tris-buffered saline with
0.1% Tween (TBST) and distilled water. The membrane was
blocked with 2.5% bovine serum albumin for 2 h. After wash-
ing the membrane 3 times with TBST, it was incubated with
the primary antibodies of NF-kB p50 (Santa Cruz SC8414),
NF-kB p65 (Santa Cruz SC8008), and p-Actin (Santa Cruz
SC47778) overnight at +4°C. The membrane washing process
was performed 3 times with TBST for five min each time. Af-
ter the washings, the membrane was treated with horseradish
peroxidase-conjugated secondary antibody for 2 h at room tem-
perature. The membrane washing process was performed again
3 times with TBST for 5 min each time. The chemilumines-
cence reagent (ECL, Santa Cruz) was suffixed to the membrane
for 1 min under dark conditions. Band imaging was performed
with the help of an imaging system. Densitometric analysis of
the protein blots was carried out with the program Image].!*




Gene Expression Analysis (QRT-PCR)

The total RNA isolation was drawn out from 5x10°® DU145
cells as previously described.!3 In accordance with the cDNA
Reverse Transcription Kit protocol (Applied Biosytems, Foster
City, CA, USA), 1 pg total RNA was utilized for the reverse
transcription. Real-time PCR reaction was performed using the
BAX, BCL2, NFKBI, and GAPDH primers with a primer se-
quence of BAX: Forward 5’-GCCCTTTTGCTTCAGGGTTT-

3’, Reverse 5 -TCCAATGTCCAGCCCATGAT-3’; BCL2:
Forward 5-GACAGAAGATCATGCCGTCC-3’, Reverse
5’-GGTACCAATGGCACTTCAAG-3’; NFKBI: For-
ward 5’-GGAGCACTACTTCTTGACCACC-3’, Reverse
5’-TCTGTCCTGAGCATTGACGTC-3’; and GAPDH:
Forward 5’ -AGGGCTGCTTTTAACTCTGGT-3’, Reverse

5’-CCCCACTTGATTTTGGAGGGA-3’. 100 ng of cDNA
were copied using SYBR Green dye with the help of the ABI
StepOne Plus detection system. The program characteristics
for the amplification reaction involved heating at 95°C for 10
min, then 40 cycles of 95°C for 15 sec, 59°C for 1 min, and
72°C for 30 sec. The qPCR value was calculated utilizing the
StepOne Software v2.3 (Applied Biosystems, Foster City, CA,
USA), with the the BAX, BCL2, and NFKBI gene results being
normalized to the GAPDH gene results.

Statistical Analysis

Statistical analysis was conducted using GraphPad Prism (ver.
7.0) software. The statistical analysis performed data entry for
all experiments in triplicate and offered the results as mean
+ Standard Deviation (SD) . Alterations between groups were
specified by one-way analysis of variance (ANOVA) testing.

RESULTS
Cytotoxic Effects of Usnic Acid on DU145 Cells

The cytotoxic effects of the 5, 10, 25, 50, 100, 250 and 500 pM
usnic acid applications on DU145 cells for 24 and 48 h were
studied using the MTT method. DU145 cell viability was found
to decrease in a dosage-dependent manner at both the 24- and
48-h measurements (Figure la; p<0.05 and p<0.001, respec-
tively). The ICs value of usnic acid regarding the DU145 cells
was calculated as 167.06 = 12.35 pM at 24 h and 42.15 £3.76
pM at 48 h. The morphologies of the DU145 cells treated with
40 pM (= ICsp) usnic acid were specified to change compared
to the control group, with a decrease in intercellular contact
(Figure 1b).

The Effects of Usnic Acids on Apoptosis

The intrinsic apoptotic pathway is known to be triggered by cy-
tochrome c, a protein released as a result of deformation of the

Erdogan et al., Usnic Acid Suppress NF-B p50 in DU145 Cells

mitochondrial membrane. The mitochondrial membrane poten-
tials of DU 145 cells treated with 40 pM usnic acid were evalu-
ated through JC-1 staining (Figure 2a). After JC-1 staining, the
permeability of the mitochondrial membrane was determined
to increase in DU145 cells that had been treated with usnic
acid (Figure 2b). In addition, the study also measured caspase-
3 activity, which is one of the intrinsic apoptotic molecules
affected by cytochrome c released by increasing mitochondrial
membrane permeability, and found the caspase-3 activity of
DU145 cells treated with 40 pM usnic acid to have increased
compared to the control group (Figure 2c).

The study tested the effects of usnic acid applications on BAX
and BCL2 gene expressions in the apoptotic pathway of DU145
cells using the gPCR method and found the DU145 cells treated
with 40 pM usnic acid to have an increase in proapoptotic BAX
gene expression and a decrease in anti-apoptotic BCL2 gene
expression compared to the control group (Figures 3a and 3b).
In addition, the BAX /BCL2 expression ratio of DU145 cells
treated with 40 pM usnic acid was calculated to have increased
by approximately eight compared to the control group (Figure
3c).

The Effects of Usnic Acid on NF-xB Pathways

The study evaluated the effect of usnic acid treatment on p50
and p65 protein expressions in the NF-kB pathway of DU145
cells using the Western blot method (Figure 4a) and found NF-
kB p50 protein expression of DU145 cells treated with 40 pM
usnic acid to decrease compared to the control group. However,
no major change was found regarding p65 expression (Figures
4b and 4c¢). In addition, the NFKBI gene expressions of DU145
cells applied 40 pM usnic acid were found to decrease (Figure
4d).

DISCUSSION

Known as the plague of our age, cancer is the disease that causes
the most death after cardiovascular system diseases. Intensive
studies have been carried out to elucidate upon the formation
mechanism of cancer and its treatment. The NF-xB pathway
is known to be overexpressed in cancer cells.!® The NF-xB
transcription factor family includes five members: Rel A (p65),
RelB, c-Rel, p105/p50, and p100/p52. Each of these proteins
comprises an N-terminal Rel chain that enables nuclear local-
ization, DNA binding, and dimerization. The NF-kB signal-
ing pathway shows its molecular effects in two different ways:
canonically and non-canonically. '7 Activation of the canoni-
cal pathway occurs with stimuli such as tumor necrosis factor
(TNF) and interleukin 1 (IL1). Through pathway activation,
IKKe, IKKf, and IKKy from the kB protein inhibitors trimer-
ize to form the IxB complex. Under basal conditions, the IxB
complex binds to the p65-p50 dimer, allowing the p65-p50
dimer to cross the nuclear membrane. The IxB complex, which
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Figure 1. (a) Cell viability graph of DU145 cells treated with usnic acids for 24 and 48 h. (b) Inverted microscope images of DU145 cells treated with usnic acids

(Scale bar= 100 pm) (*p<0.05; ***p<0.001).

Figure 2. (a) JC-1 staining images of DU145 cells treated with usnic acid (Scale bar= 50 nm) (b) Graphical illustration of red/green ratio of DU145 cells treated
with usnic acid (¢) Caspase-3 activity graph of DU145 cells treated with usnic acid (***p<0.001).

returns to the cytoplasm, is degraded by ubiquitination. The
p65-p50 dimer activates the transcription of target genes such
as anti-apoptotic factors, cytokines (IL6), and proliferation fac-
tors (Cyclin D1) in the nucleus.'®!° Studies are continuously
increasing on the discovery of new molecules targeting the de-
struction of cancer cells by regulating this pathway. Various

molecules have been discovered to inhibit the receptors that
initiate the NF-xB pathway, such as adalimumab, etanercept,
anakinra, brentuximab, and denosumab.2’ Cevik et al. stated a
1 nM cabazitaxel application reduced the expression of NF-xB
50 and led to apoptosis in PC3 cells.?!

Studies on the isolation and use of plant-derived secondary
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Figure 3. (a) Graphs of BAX gene expressions of DU145 cells after administration of usnic acids (b) Graphs of BCL2 gene expressions of DU145 cells after
administration of usnic acids (¢) Graphical illustration of Bax/Bcl-2 ratio of DU145 cells treated with usnic acid (***p<0.001).

Figure 4. (a) NF-xB p50, NF-kB p65 and B-actin Western blot bands of DU145 cells treated with usnic acid (b) Graphs of NF-kB p50 protein expressions of
DU145 cells after administration of usnic acid (¢) Graphs of NF-kB p65 protein expressions of DU145 cells after administration of usnic acid (d) Graphs of
NFxBI1 gene expressions of DU145 cells after administration of usnic acid (*** p<0.001).
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metabolites have increased due to their high compatibility with
living systems. Intensive research continueon studying the ef-
fectiveness of usnic acid isolated from lichen species.?? The
scavenging effect of reactive oxygen species, especially those
produced in large amounts in cancer, has made usnic acid an
agent that should be focused on in cancer treatment.”> Cak-
mak and Gulcin reported usnic acid to perhaps be a promising
agent in pharmaceutical applications due to having antioxi-
dant properties such as high reducing ability, metal chelating,
and radical scavenging.9 On the other hand, usnic acid has
been reported to cause free radical production at high doses,
as well as mitochondrial stress in healthy hepatocyte cells.>*
A study conducted on healthy hepatocytes reported that usnic
acid to cause mitochondrial glutation (GSH) depletion in cells
at concentrations of 5 pM or higher and to dysregulate ox-
idative phosphorylation through adenosine triphosphate (ATP)
reduction.” In isolated rat hepatocytes, the administration of
usnic acid has been shown to cause toxicity and to decrease
GSH by increasing lipid peroxidation.’® Furthermore, when
examining this effect over human hepatocellular cancer cells
(HepG2), usnic acid was reported to increase cytochrome p450
activity, to cause mitochondrial dysregulation, and to trigger the
oxidative stress mechanism.?’ The current study has shown this
effect from usnic acid on mitochondria through JC-1 staining
in prostate cancer cells to disrupt the mitochondrial membrane
potential and lead the cells to apoptosis. Usnic acid decreased
the permeability of mitochondria in DU145 cells and disrupted
the oxidative phosphorylation balance of the cell. Changes in
mitochondrial permeability may also alter transcription fac-
tors in cells and increase cellular stress. In addition, NF-xB
signaling can regulate the expression of genes involved in mi-
tochondrial function, including those encoding the components
of the electron transport chain and antioxidant enzymes. This
suggests that NF-xB may affect mitochondrial function be-
yond permeability.?® NF-kB, particularly its pSO subunit, can
affect mitochondrial permeability and function through vari-
ous mechanisms, ultimately influencing cellular responses and
physiological processes.?” The current study has found usnic
acid administration to suppress the NF-kB’s p50 subunit by
reducing mitochondrial permeability.

The most studied molecules in the apoptotic pathway re-
garding cancer treatment are the B-cell lymphoma-2 (BCL-
2) for suppressing apoptosis and the Bcl-2-associated X pro-
tein (BAX) for promoting apoptosis. Various studies are also
found in the literature to have examined the cytotoxic and anti-
apoptotic effects of metabolites obtained from lichen species.’
Takai et al. found usnic acid to exhibit cytotoxic effects re-
garding the Lewis lung carcinoma test system.’’ Cardarelli et
al. found a decrease in the proliferation of K-562, Ishikawa,
and HECS50 cells that had been treated with 50 pg/mL usnic
acid.>' Backorova et al. reported A2780 and HT-29 cells that
had been treated with usnic acid to increase the Bax protein
expression and to decrease p53 and Bcl-2 expression, thus ac-

tivating programmed cell death mechanisms.?> Dincsoy and
Duman emphasized usnic acid as a secondary metabolite of
lichen to induce apoptosis by increasing the BAX expression
and decreasing the BCL2 expression of HEP2C, RD, and Wehi
cells.®® Similar to these studies, the current article also has
found usnic acid to trigger cell death in DU145 cells by activat-
ing apoptotic pathways. Jin et al. reported usnic acid to exhibit
anti-inflammatory behaviors by suppressing the NF-xB path-
way in Raw 264.7 macrophage cells.>* Although usnic acid
is known to suppress the NF-xB pathway, its effects on NF-
kB p50 and NF-xB p65 have yet to be clarified. This study
has shown usnic acid administration to decrease proliferation
by suppressing NF-kB p50 in DU145 human prostate cancer
cells.

CONCLUSION

Prostate cancer remains one of the biggest health problems
among men, and the need exists to develop new treatment op-
tions for prostate cancer. The current study’s results have shown
usnic acid regarding prostate cancer treatment to suppress NF-
kB p50 by reducing mitochondrial permeability in the DU145
prostate cancer cells, thus triggering apoptosis in the cells. The
results from this study may shed light on new molecular mech-
anisms for treating prostate cancer and may offer another treat-
ment option for the use of usnic acid alone or in combination
with existing chemotherapeutics used in treatment.
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ABSTRACT

Objective: An excessive buildup of adipose tissue is a defining feature of overnutrition, and a significant fraction of the world’s
population suffers from obesity. Overnutrition is associated with the deterioration of mitochondrial functions in the brain in the
case of obesity. In this study, we evaluated the effects of stevioside (ST) which is a calorie-free, naturally occurring herbal sweetener
made from Stevia rebaudiana (Bertoni) on the oxidant-antioxidant balance in the brain in cases of overnutrition. Accordingly,
the effects of ST consumption on the oxidant-antioxidant balance in the brain was evaluated and determined in a case study of
overfeeding adult zebrafish for 15 days.

Materials and Methods: Zebrafish were placed in four groups; the control group (C); overfed group (OF); low-dose (1mg/L) ST
treated OF group (OF+LDS); and the high-dose ST (5mg/L) treated OF group (OF+HDS). The levels of lipid peroxidation (LPO)
were evaluated together with nitric oxide (NO) to determine the oxidant status. The antioxidant status from the activities of the
superoxide dismutase (SOD) and glutathione S-transferase (GST) were determined in brain tissues.

Results: The ST treatment decreased the increased LPO and NO levels in overfed zebrafish and increased SOD and GST activities
in a dose-dependent manner.

Conclusion: ST exerted an antioxidant effect on the possible damage mechanisms that could occur in the brain in case of

overnutrition by decreasing oxidative stress and improving the antioxidant enzyme activities.

Keywords: Stevioside, overfeeding, brain, oxidant-antioxidant status, zebrafish

INTRODUCTION

Excessive adipose tissue buildup is a defining property of obe-
sity, and a significant fraction of the world’s population suffers
from obesity related to overnutrition. Overnutrition is linked to
elevated chronic diseases risks, including type 2 diabetes, and
is a significant cause for premature death and related diseases.!
Obesity is preventable by physical and nutritional therapies
because it is induced by poor diet and insufficient physical
activity.> A link between obesity and cognitive impairments
is reported, as lowered or disrupted mental and/or intellectual
functions. In neuroimaging studies, obesity is connected to al-
tered structural and functional features of the brain and linked to
increased Alzheimer’s disease risk.> The brain regulates body
weight through its neurotransmitters so obesity and the brain
are related. Moreover, obesity-related inflammation and oxida-

tive stress may spread to the brain and cause significant changes
in the neurotransmitter metabolism and its function.*

The substitution of sugars with artificial sweeteners, which
provide a sweeter taste without calories, appeared to hold
promise for lowering sugar and energy intake. Stevia is a
calorie-free, naturally occurring herbal sweetener that is more
than 100-300 times sweeter than table sugar. The components
that give stevia, its sweet flavor are called steviol glycosides,
and they are present on the leaves of Stevia rebaudiana, a South
American plant.’ The digestive enzymes found in the gastroin-
testinal tract are unable to hydrolyze steviol glycosides. But
steviol glycosides are broken down by colon microbiota, es-
pecially bacteroides.® Stevia extracts act as antioxidants and
beneficially affect blood pressure and hypertension.”-® Stevia
leaves contain a diterpenoid called stevioside (ST) and benefi-
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cial effects of ST consumption were reported in a diet induced
obesity model on parameters related with oxidant-antioxidant
balance, inflammation, and insulin resistance and its epigenetic
modulation.®

Zebrafish are used as model organisms to test pharmaco-
logical and toxicological features of novel substances. Both
zebrafish larvae and adults are proven to be suitable for analyz-
ing the impacts of novel substances on glucose metabolism.®
An analysis on the liver and pancreatic tissues RNA-sequence
revealed that zebrafish models with type 2 diabetes have patho-
physiology that is comparable to that of humans.®°

Although there are reports about the deterioration of mito-
chondrial functions in the brain in the case of obesity associated
with overnutrition, there was no data on the effects of sweet-
eners, especially ST, on the brain tissue oxidant-antioxidant
balance in cases of overnutrition. This current study examined
the effects of ST on the oxidant-antioxidant status of brain tissue
in the overfeeding model generated in zebrafish.

MATERIALS AND METHODS
Animals and Treatment

All experiments were performed in line with the Euro-
pean Communities Council Directive of 24 November 1986
(86/609/EEC). The methods applied were accepted by the Mar-
mara University Animal Care and Use Committee (98.2018).
Wild-type zebrafish were used as the AB/AB strain and fish
(4-6 months old) were kept in a special aquarium rack system
(ZebTEC, Tecniplast, Italy). The housing conditions included
27-28+1°C, 14/10 h light/dark cycle. Four groups were ran-
domly formed, with 10 fish in each group as the control group
(O); overfed group (OF); low-dose (1 mg/L) ST (Tokyo Chem-
ical Industry, S0594) treated OF group (OF+LDS); and the
high-dose ST (5 mg/L) treated OF group. The dose of ST was
adapted from the study of Chang et al.!® The OF was induced
through feeding 120 mg commercial fish food /fish/day for six
feeding intervals daily with an automatic feeding system.® The
healthy control group was given 20 mg commercial fish food
per day. The fish in the OF-LDS and OF-HDS groups were
treated with 1 mg/L and 5 mg/L. ST correspondingly, which
was included to the aquarium water.® Every day the water con-
tent in the tanks was renewed and the exposure solutions were
renewed. After two weeks the zebrafish were anesthetized in
tricaine solution prior to the removal of brain tissues.

Biochemical Analyses

The brain tissues were homogenized in physiological saline
and 10% (w/v) homogenates were prepared. For the biochem-
ical analyses supernatants obtained from homogenates were
used. The total protein levels in the samples were analyzed
by Lowry’s method!! in order to give the analyzed parameters
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per protein value. The lipid peroxides indicated damage to cell
membranes from oxidation and determined the effect of over-
feeding on lipid peroxidation (LPO) in the brain. The method
of Yagi was applied to determine the malondialdehyde (MDA)
levels as the thiobarbituric acid reactive molecules formed in
the final LPO products.'?!3 The NO levels were evaluated using
the Miranda et al.’s method as a contributing factor to oxidative
stress.!413 A critical element in the antioxidant mechanism in
response to oxidative stress is superoxide dismutase (SOD),
and the SOD activity was evaluated as suggested in the method
explained by Mylorie et al.' The Glutathione S-Transferase
(GST) which contributes to the antioxidant defense mechanism
by catalyzing the combination of glutathione (GSH) and GST
activity in the brain was evaluated by the spectrophotometer
at 340 nm.'” The experiments were performed by researchers’
blind to the treatment groups.

Statistical Analysis

The GraphPad Prism 5.0 (GraphPad Software, San Diego,
USA) program was used for the statistical analysis of the data
obtained. The results are presented as mean+standard deviation
(SD). The Shapiro—Wilk test was used for data normality and
the Kruskal Wallis test to compare the data among the four
groups and then the Dunn’s multiple comparison test was ap-
plied. When the P levels are lower than 0.05, the differences
were considered significant.

RESULTS

The results of the study showed increased LPO in the OF group
(p <0.01) and the ST treatment decreased LPO in the OF group
both at low and high doses (p < 0.01) (Figure 1).

Figure 1. Lipid peroxidation (LPO) levels of the Control (C), overfed (OF),
OF+low-dose stevioside (OF+LDS) and OF+high-dose stevioside (OF+HDS)
groups. Values are given as means+SD; n= 4, four independent biological
replicates were prepared for each treatment. For each biological replicate, three
technical replicates were performed. ** p < 0.01 significantly different.

Similarly, higher NO levels were determined in the OF group
when compared to the control group (p < 0.0001) and both low
and high doses of ST decreased NO levels significantly in the
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OF group (p < 0.001 and p < 0.0001 respectively). The NO
levels in the OF+LDS and OF+HDS groups were significantly
lower than the Control group (p < 0.0001 and p < 0.001 respec-
tively). In the OF+HDS group the NO levels were found to be
significantly lower than that of the OF+LDS group (p < 0.05)
(Figure 2).

Figure 2. Nitric Oxide (NO) levels of the Control (C), overfed (OF), OF+low-
dose stevioside (OF+LDS) and OF+high-dose stevioside (OF+HDS) groups.
Values are given as means+SD; n= 4, four independent biological replicates
were prepared for each treatment. For each biological replicate, three technical
replicates were performed. **** p < 0.0001; *** p < 0.001; ** p < 0.01, * p <
0.05.

The SOD activities decreased significantly in the OF group
(p < 0.05). Low dose and high dose ST increased SOD ac-
tivities significantly in the OF group (p < 0.01 and p < 0.001
respectively) (Figure 3).

Figure 3. Superoxide dismutase (SOD) activities of the Control (C), overfed
(OF), OF+low-dose stevioside (OF+LDS) and OF+high-dose stevioside
(OF+HDS) groups. Values are given as means+SD; n= 4, four independent
biological replicates were prepared for each treatment. For each biological
replicate, three technical replicates were performed. *** p < 0.001; ** p <
0.01, * p < 0.05.

GST activities decreased significantly in the OF group when
compared with the Control group (p < 0.05). Low and high
doses of ST treatments increased GST activities significantly
in the OF group (p < 0.05 and p < 0.0001 respectively). More-
over, there was a significant increase in the GST activity of the

OF+HDS group when compared with the OF+LDS group (p <
0.01) (Figure 4).

Figure 4. Glutathione S-transferase (GST) activities of the Control (C),
overfed (OF), OF+low-dose stevioside (OF+LDS) and OF+high-dose stevio-
side (OF+HDS) groups. Values are given as means+SD; n=4, four independent
biological replicates were prepared for each treatment. For each biological repli-
cate, three technical replicates were performed. **** p < 0.0001; ** p < 0.01,
*p < 0.05.

DISCUSSION

Imbalanced nutrition is becoming recognized as a significant
primary health problem that reduces quality of life due to its
related comorbidities, which include diabetes, cardiovascular
disease, cancer, hepatic and renal dysfunction, and infertility.18
It is a multifactorial and complex metabolic condition. Increas-
ing research points to oxidative stress as a crucial link between
obesity and its related problems.!® Through a variety of phys-
iological mechanisms, including the production of superoxide
by NADPH oxidases, electron transport chain, and activation
of protein kinase C overnutrition can itself cause systemic ox-
idative stress.!8-1°

Because of its intense and specialized metabolic functions,
the brain is especially vulnerable to oxidant injury. High oxygen
consumption, almost solely oxidative phosphorylation, lack of
energy stores, high quantities of lipids susceptible to oxidation,
and high iron levels all operate as pro-oxidants.”’ Because of
this, oxidative stress and associated metabolic/ischemic damage
to neuronal cells are a serious concern.

The view that diet-induced obesity is associated with dete-
rioration in brain functions has gained importance in recent
years. From this point of view, when we examined the effects
of overnutrition, which is the leading cause of obesity, on the
oxidant-antioxidant status in the brain we found that the oxidant-
antioxidant balance was disturbed by overfeeding in zebrafish
and ST consumption improved this balance.

Increased lipid levels, deficiencies of vitamin and minerals,
inflammation, hyperleptinemia, endothelial dysfunction, im-
paired mitochondrial function, and hyperglycemia are some




potential causes of oxidative stress in obese people.'® Tradi-
tional plasma, serum, or urine indicators of oxidative stress that
include MDA, BMI and oxidative stress indicators are found to
correlate significantly and positively.>!

The primary mechanism of oxidative stress due to reac-
tive oxygen species (ROS) is lipid peroxidation. Since reactive
species are not stable, they interact with nearby molecules fast.
The sort of injury formed due to oxidant stress is consequently
difficult to guess because it is a very quick disease. Microglia
and astrocytes are the principal sources of ROS and reactive
nitrogen species (RNS).?? In this study both brain LPO and
NO levels increased in overfed zebrafish indicating increased
oxidative stress due to overfeeding. It is generally known that
metabolic diseases including obesity cause abnormalities in
brain structure and function. During white adipose tissue expan-
sion, immune cells, in particular macrophages may infiltrate.??
Adipose tissue expansion is also related with the activation of
proinflammatory cytokines especially IL-6, IL-1p, and TNF-
a. Systemic and chronic low-grade inflammation may lead to
neuroinflammation and alter certain structures in the brain in-
cluding the cerebellum and hypothalamus.?* Since dysfunction
of mitochondria is closely associated with oxidant stress and
inflammation leading to cellular oxidative damage, disrupted
oxidant-antioxidant balance as evidenced in this study with
increased LPO, NO and decreased activities of antioxidant en-
zymes SOD and GST, may be related with mitochondrial dys-
function in brain due to overfeeding. Consistent with the results
of this study lower SOD activity was reported in the erythro-
cytes obtained from obese subjects when compared to those of
nonobese subjects.'® The mRNA transcript levels of GST iso-
forms were found to be decreased in the livers of diet induced
obesity in mice.>> Continuous inflammatory conditions preva-
lent in obesity may suppress endogenous antioxidants including
SOD as well as GST. This condition is related to adipocytes
that generate too many adipokines that increase the generation
of ROS, which will eventually result in oxidative stress.

To combat the rising prevalence of obesity, a variety of
approaches are advised, including regular exercise, meal re-
placements, vitamin supplementation, and a diet rich in fruits
and vegetables. Losing weight lowers oxidation indicators,
boosts antioxidant mechanisms, and lowers the main risk fac-
tors linked to obesity.'® Consuming foods high in antioxi-
dants, vitamins, phytochemicals, probiotics, monounsaturated
and omega-3 polyunsaturated fatty acids are shown to help
manage body weight and lower the prevalence of metabolic
illnesses.”® As a herbal non-caloric sweetener, stevia is widely
used. Glycosides like ST, rebaudioside A, and B are the major
ingredients of stevia.” Stevia exhibits strong antioxidant po-
tential as a sugar substitute in addition to providing sweetness
because of various compounds with therapeutic value, includ-
ing phenolic compounds, flavonoids, stevioside, tannins, and
anthocyanins.?’
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In this study, ST improved the oxidant-antioxidant status in
the brain, which was disturbed due to overnutrition, by low-
ering the LPO and NO and increasing the SOD and GST ac-
tivities. Increased GST activity could have a significant role
in the brain as GSH and GSH-related enzymes are reported
to play significant roles in the antioxidant defense in the brain
under both normal and obese conditions.”® Dandin et al. in-
vestigated the effects of ST treatment on the epigenetic and
metabolic modulators of insulin resistance, glucose tolerance,
and oxidant-antioxidant balance in overfed zebrafish.® They re-
ported impaired glucose tolerance and increased body weight,
glucose levels, fbf21, lepa, lI121, tnfa expressions as well as LPO
and NO in hepatopancreatic tissues of zebrafish after 15 days
of overfeeding.8 On the other hand, SOD and GST activities,
and dnmt3a expression as an epigenetic insulin resistance reg-
ulator were decreased. Unlike this study, in the current study,
it was determined that ST corrected oxidant antioxidant status
in brain tissue in the overfeeding model generated in zebrafish.
The fact that obesity-related neuropeptides were not examined
in the brain in order to reveal the relationship between obesity
and the brain more clearly could be considered as a limitation
of this study.

CONCLUSION

This study emphasized the significance of oxidative stress in
the emergence of various obesity-related health concerns and
showed for the first time that ST can exert an antioxidant effect
on the possible damage mechanisms that may occur in the brain
in case of overnutrition.
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ABSTRACT

Objective: Celiac disease (CD) is an inflammatory condition of the small intestine triggered by the consumption of gluten. A strict
gluten-free diet (GFD) is the only treatment that can eliminate CD complications. It was aimed to evaluate the effect of a gluten-free
diet on serum total glutathione (tGSH) level, superoxide dismutase (SOD), myeloperoxida (MPO), paroxanase (PON-1) and aryl
esterase (ARE) activity in patients with celiac disease, an autoimmune disease.

Materials and Methods: The study was conducted with 68 participants, 39 of whom were celiac and 29 were healthy. Two
groups were formed in patients with celiac disease as newly diagnosed and previously diagnosed and following a gluten-free
diet. Blood samples were taken from all participants and tGSH, SOD, MPO, PON-1, and ARE measurements were made
spectrophotometrically from serum samples.

Results: While no significant change was observed in tGSH, SOD, and ARE levels, MPO activity was observed to be significantly
lower in celiac patients compared to healthy controls, while this decrease was found to be higher in the newly diagnosed group.
While PON-1 activity was significantly lower in newly diagnosed patients compared to the control group, it was higher in the
gluten-compatible diet group.

Conclusion: Low MPO values in celiac patients may be insufficient to function by creating oxidative stress in inflammation. While
PON-1 values are significantly lower in newly diagnosed celiacs, it can be said that they reach normal values with adherence to a
gluten-free diet.

Keywords: Antioxidant, Celiac, Gluten-free Diet, Paraoxonase, Superoxide dismutase

INTRODUCTION of the disease is different in varied regions of the world, it is

increasing day by day.’
Celiac disease (CD) is an autoimmune and multifactorial dis-

ease caused by environmental and genetic factors. CD is trig-
gered by gluten proteins especially found in different nutrients
such as wheat and barley rye.! Toxic and immunogenic path-

Unfortunately, there are not many treatment methods for CD.
The exclusively effective treatment used today is a gluten-free
diet (GFD). Stringent GFD improves parameters of blood bio-

ways are caused by mechanisms of gluten intestinal epithelial
damage. The conversion of gluten to immunogenic and toxic
peptides occurs by proteolysis. These peptides may adversely
affect cells and cause oxidative stress in enterocytes, disrupting
cell differentiation and death.?* The incidence of CD is about
1-3% of the population worldwide.* Although the incidence

chemistry, clinical signs, some lesions, and other risk of related
disease complications in most patients of CD.® Gastrointestinal
microbiome treatments have also started to be used as alterna-
tive treatment methods.”

The high-level creation of reactive oxygen species (ROS),
which pass over the ability of biologically functional antioxi-
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dants, causes oxidative stress.® Tt is thought, that the increase
of ROS levels of CD is caused by the entry of gliadin peptides
into cells, peptide accumulation in lysosomes, and activation
of transduction pathways.® Oxidative stress affects numerous
physiological conditions, causes damage to proteins and lipids,
decreases cell membrane fluidity, and is involved in the disease
occurrence of different diseases.'® Oxidative stress and inflam-
mation associated with decreased antioxidant defense systems
and elevated levels of reactive oxygen species may be effective
in the molecular mechanism of celiac disease.!!

Effective antioxidant mechanisms, in reaction to oxidative
stress, protect the body against free radical damage for in-
stance glutathione (GSH), serum paraoxanase (PON), super-
oxide dismutase (SOD), and arylesterase (ARE). GSH defends
cells from ROS depredation by responding with hydrogen per-
oxide (H,0O,) and organic peroxides and removing H,O, from
cells.!> SOD is an antioxidant enzyme that acts as a central
component in defending against oxidative stress.!*> PON is an
ester hydrolase that catalyzes the hydrolysis of various organic
molecules and can protect low-density lipoproteins against
peroxidative reactions.!* Hydrolysis of toxic metabolites can
be carried out by the activity of another hydroloase enzyme,
ARE."> Myeloperoxidase (MPO) is in excess in phagocytes,
it catalyzes oxidative species and H,O,to produce hypochlor-
ous acid (HOCI), and it also reduces nitric oxide activity and
increases oxidative stress.!%!7

Despite being associated with dietary gluten, CD is a genetic
disorder and for this reason, keeps going during life. In this
way, it is possibly liable for chronic inflammation and oxidative
stress. This increases various malignant risks, and oxidative
deoxyribonucleic acid damage can cause life-threatening dis-
eases such as cancer.!® Diets to be applied in daily life are very
important in order not to cause more serious problems and to
protect living standards.

In the literature, research on children with CD is limited.
Due to inflammatory formation and cell damage, oxidant-
antioxidant balance is expected to be impaired in patients with
CD. In this study, in line with the information between CD
and oxidative stress relationship, we aimed to investigate and
interpret how a gluten-free diet will affect this situation and its
effect on serum GSH, SOD, PON-1, ARE, and MPO levels.

MATERIALS AND METHODS
Patients and Control Group

The present study included 39 children aged 6-15, diagnosed
with CD and 29 children without any health problems, who ap-
plied to the Pediatrics Diessease polyclinic. The approximative
power (1-beta) test value was found as 0.89 with the G-Power
program. The diagnosis of CD was made in line with the recom-
mendations of the European Society of Pediatric Gastroenterol-
ogy, Hepatology, and Nutrition.!” Newly diagnosed cases and

those who have been exposed to a gluten-free diet for at least
one year were included in the study group. Individuals with
an inflammatory or infectious condition, diabetes mellitus, or
any hepatic, metabolic, cardiac, or renal disease were excluded
from the study. Moreover, the control group was formed from
children of the same age group without any health problems.
Informed consent was obtained from the participants. Legal
custodian’s assent of the children was obtained. The study was
approved by the Clinical Ethics Committee of Atatiirk Univer-
sity Faculty of Medicine (12/2021 No.B.30.2.ATA.0.01.00/70).

Biochemical Analysis

Blood samples taken for routine biochemistry analysis from
patients who agreed to participate in the study were separated
into aliquots. Aliquoted samples were transferred to 1.5 mL
Eppendorf tubes and stored at -80 °C until the day of analysis.

Serum, SOD, PON-1, ARE, and MPO levels concentrations
were analyzed and evaluated using commercial colorimetric
kits in a multiplex reader spectrophotometer.

Determination of MPO Activity

The activity of MPO assays is analyzed concerning the method
procedures established by Bradley et al.>’ Serum MPO activ-
ity was analyzed by transferring 100 mL of serum samples to 1
mL of 1.5 mM o-dianisidine hydrochloride containing 0.0005%
(wt/vol) hydrogen peroxide and 1.9 mL of 10 mM phosphate
buffer (pH 6.0). Measurements of absorbance changes were
made for each sample with an Ultraviolet-vis spectrophotome-
ter at 450 nm.?°

Determination of SOD Activity

Superoxide Dismutase Assay Kit (Cayman, USA) was per-
formed for analysis of levels of serum SOD. Analyzes were
performed according to the directions included in the kit. Ac-
cording to the kit content, superoxide radicals produced by
xanthine oxidase and hypoxanthine are determined using tetra-
zolium salt. The amount of enzyme required to exhibit 50%
dismutation of the superoxide radical is defined as one unit of
SOD.

tGSH Analysis

tGsh results were analyzed using the methods of Sedlak et
al. According to the approach outlined by Sedlak et al.?!
In this method, 5,5’-dithiobis [2-nitrobenzoic acid] disul-
fide (DTNB), which is chromogenic, is rapidly reduced by
sulfhydryl groups. For deproteinization before analysis, 100 pL
of meta-phosphoric acid was added to 100 pL of the sample
and centrifuged at 1,000 x g for 2 min. A cocktail mixture con-
sisting of 80 mL of 625 U/L Glutathione reductase, 5.85 mL of
100 mM Na-phosphate buffer, 2.8 mL of ImM DTNB, and 3.75
mL of 1 mM NADPH was prepared for measurement. 150 pL




of the prepared cocktail was mixed with 50 pL of supernatant.
At 412 nm, the color formed during reduction is calculated by
measuring in the spectrophotometer. A calibration curve was
drawn using oxidized L-glutathione (GSSG) and sample results
were calculated.

PON-1 and ARE Activity Measurement

Serum PON-1 paraoxonase/ARE activities were analyzed us-
ing previously used methods.?>?3 Serum PON-1 activities were
analyzed spectrophotometrically in the method with diethyl-p-
nitrophenylphosphate as a substrate. 1 nmol 4-nitrophenol/mL
serum/min was defined as a unit for PON-1 activity. ARE ac-
tivity was calculated using phenylacetate as the substrate by
measuring the absorbance of the obtained phenol at 270 nm.
The activities of PON-1 and ARE were calculated with their ab-
sorption coefficients. (17.100 M~! cm~! and 1.310 M~ cm™!,
respectively). For ARE activity, as a unit, 1 nmol phenol/mL
serum/min was defined.

Statistical Analysis

SPSS for Windows (IBM SPSS Statistics for Windows, Version
20.0. Armonk, NY: IBM Corp. IBM Corp. Released 2012)
was used to do data analysis. Shapiro Wilk test was used to
evaluate the normal distribution of the data. Accordingly, the
Independent-T test was used to compare the patient and control
groups for normally distributed data, while the ANOVA test
was used to compare patient subgroups with more than two.
Data were expressed as meantstandard deviation (Mean£SD)
and p<0.05 was considered significant.

RESULTS

While 21 of 39 celiac children were girls and 18 boys in the
celiac group, there were 17 girls and 12 boys in the control
group. The mean age of the 2 groups did not differ. Body mass
index (BMI) was lower in children with celiac (Table 1).

MPO activity was observed lower in children in the total
celiac group than in the control group, and this decrease was
statistically significant (p<0.001). PON-1 activity was exam-
ined to be lower in the total celiac group, yet this decrease
wasn’t significant (p>0.05). When the two groups are com-
pared, no difference was detected in ARE, SOD activity, and
tGSH levels (p>0.05). The data of the total celiac group and
the control group are demonstrated in Figure 1.

When the three groups were compared, a significant differ-
ence was observed in MPO activities. MPO activity was lower
in newly diagnosed celiac children compared to the control
group and GFD-CD group. However, the observed decrease
was statistically significant only compared to the control group
(p<0.05). MPO activity was higher in the GFD-CD group com-
pared to the newly diagnosed group and lower than the healthy
control group. On the other hand, there was no statistically
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significant difference between the control group and the GFD-
CD groups. When the PON-1 activity between the groups was
compared, it was found that it was statistically lower in the
newly diagnosed group and higher in the gluten-free diet group
compared to the control group (p<0.05).

When tGSH level and SOD activity were evaluated, al-
though it was lower in the gluten-free diet group, no statistically
significant difference was observed between the three groups
(p>0.05). On the other hand, while ARE activity was low in the
newly diagnosed group, it was close to control in the gluten-
free diet group. However, this decrease in the newly diagnosed
group was not significant (p>0.05). Table 2 presents the data
for all three groups.

DISCUSSION

The consequences of the examination were evaluated in our cur-
rent study to evaluate the antioxidant levels of newly diagnosed
CD patients and celiac patients compatible with a gluten-free
diet as well as to define the effect of a gluten-free diet on these
parameters. When compared with the control group in the same
age group, BMI was found lower in the celiac group. This can
be explained by the situation caused by the nutrient absorp-
tion of celiac patients. Some differences were observed in the
gluten-free diet group compared to the newly diagnosed or con-
trol group. While this difference was evident in MPO values,
no difference was observed in other parameters.

The gastrointestinal symptoms of CD, such as diarrhea, ab-
dominal pain, weight, fatigue, and bloating, are similar to var-
ious irritable bowel syndromes, often referred to as diarrhea
variant irritable bowel syndromes.?* Oxidative stress is caused
by an impaired antioxidant system or increased levels of ROS.?
ROS are very dangerous for metabolism due to their high reac-
tivity and production in cells. Nonenzymatic antioxidants such
as vitamins, and glutathione and antioxidant enzymes such as
glutathione peroxidase/reductase, and superoxide dismutase are
antioxidant defense systems that prevent the detrimental effects
of ROS. In some cases, the amount of ROS may exceed the
volume of the antioxidant defense system, leading to the occur-
rence of oxidative stress.?%

Oxidative stress is related to the pathology of many diseases,
and CD is one of them. CD is increasing day by day, especially
in developing countries, due to modifications in wheat produc-
tion and processing, heightened awareness of the disease, and
changes in diet fluidity.?” Celiac disease is a genetic disorder,
but is affected by dietary gluten and persists throughout life.
Due to these properties, it can be a source of chronic oxida-
tive stress and brings various risks for metabolism.”® Gluten
peptides in enterocytes accumulate in lysosomes, altering cer-
tain signal transduction pathways and disrupting the oxidation
defense balance by raising ROS levels.”® A recent study on
wheat germ peptides indicates that some peptides (WGP2-P7
and WGP11) significantly increased levels of glutathione reduc-
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Table 1. Demographic data of celiac and control groups.

Figure 1. Data of total celiac and control groups.

Table 2. Analysis results of ND-CD, GFD-CD, and control group.




tases and glutathione peroxidase. As a result of this, emphasized
that this situation significantly increased the antioxidant level
of the cells.*”

The answer to the question of provided that the use of a
gluten-free diet in children with CD is adequate to maintain
the balance of serum oxidative/antioxidant in these people is
still a subject of research. Rowicka, and et. al. found no differ-
ences in the intensity of oxidative/antioxidant between children
with celiac disease treated with a gluten-free diet and healthy
children.’!

In their study, Stojiljkovié et al. found a significant decrease in
GSH concentration in the intestinal mucosa of individuals with
active CD, and showed that even in patients on a gluten-free diet,
the GSH level was 25% lower than in controls. They reported
that the GSH concentration was also significantly reduced in
the peripheral blood of both active and gluten-free diet patient
groups.>? In our current study, no difference was observed in the
newly diagnosed and gluten-free diet patients compared to the
control group. Moreover, laboratory studies on the gluten-free
diet have also indicated that it allows normalization of bone and
mineral metabolism and reverse some abnormalities.’®> GFD is
thought to be beneficial not only for people with CD but also
for healthy people.*

Many functions in the body are adversely affected by ROS-
induced oxidative stress. Various studies have been carried out
to figure out this process in children with celiac disease. It has
been shown that the antioxidant potential of patients newly diag-
nosed with celiac is lower than that of healthy individuals.3>-3¢
Studies indicate the importance of a gluten-free diet in CD.
Improvements such as improvement of the intestinal mucosa
and improvement of clinical features were observed. This sit-
uation is considered accompanied by oxidative stress and an-
tioxidant balance.?” While Rowicka et al. did not find a change
in serum total antioxidant capacity levels between CD and con-
trol groups, Ferretti et al. found lower compared to controls,
Ferretti et al. also showed that it is higher in newly diagnosed
patients who don’t follow a gluten-free diet.3!-3” Stojiljkovi¢ et
al. showed increased SOD activities and a significant reduction
in glutathione content. They stated that antioxidant capacity de-
creases with consumed glutathione in celiac patients and that
dietary antioxidants will be important in the complementary
treatment of the disease.®® In our study, however, no impact
of a gluten-free diet on SOD activity was observed in patients
with CD.

Previous studies have shown that PON-1, 2, and 3 are ex-
pressed in human intestinal cells.* In a later study, the rela-
tionship of PON-1 with intestinal inflammatory diseases was
examined and PON gene expressions were compared in celiac
and healthy duodenal tissue biopsies. A severe loss of PON-1
has been reported in celiac patients.*’ Ferretti at all. showed
a lower PON-1 and ARE activity in the serum of both groups
of CD, (11 at diagnosis, 16 receiving gluten-free diet therapy)
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compared to control subjects and they thought that this situa-
tion might contribute to gastrointestinal cell damage. Kaplan et
al. reported that PON-1 and ARE levels were lower in gluten-
sensitive enteropathy patients compared to the control group.*!
37 Similarly, according to our results, PON-1 activity was found
low in celiac patients, and a significant increase in PON-1 ac-
tivity was observed with a gluten-free diet. Moreover, it was
found higher in the gluten-free diet group than in the healthy
control group. Studies on MPO in celiac patients were limited
in the literature. Maluf et al. showed inflammatory marker MPO
levels were increased in CD patients compared to controls.*?
However, on the contrary, in our study, a low MPO value was
found in newly diagnosed celiac patients, while it was higher
in the gluten-free diet-compliant group than in the newly diag-
nosed group, as well control group had the highest MPO value,
which was significant.

One of the limitations of our study is a low number of sample
subgroups. Another limitation is that the lipid profile of the
sample group could not be included in the study. It would
be more meaningful to evaluate the obtained PON-1 values
together with HDL.

CONCLUSION

There are many studies in the literature on antioxidant levels
in celiac patients, but research on the effects of gluten gluten-
free diets on these factors is limited. MPO values in celiac
patients may be insufficient to function by creating oxidative
stress in inflammation. Although an increase is observed with
the gluten-free diet, it remains lower than the control group.
Likewise, while PON-1 values are significantly lower in newly
diagnosed celiacs, it can be said that they reach normal values
with adherence to a gluten-free diet. However, higher PON-1
activity was observed in CD patients on a gluten-free diet com-
pared to the control group, and it is anticipated to investigate the
effect of gluten on PON-1 activity in healthy people to better
understand this increase.
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ABSTRACT

Objective: Breast cancer is the commonest and the deadliest malignancy among women. Iron is known as an essential element for
cell growth and division. The connection between oxidative stress, antioxidants, and progression, aggressiveness, and recurrence
of breast cancer, is widely recognized to involve impaired iron metabolism. The purpose of this study was to investigate the
connection between the tumor characteristics and the levels of total iron in breast tissues by employing state of the art technology,
inductively-coupled plasma/mass spectrometry (ICP-MS) with our in-house analysis methodology for tissue samples.

Materials and Methods: Iron contents were determined in 25 tissue sets (matched tumor and peritumoral tissues) collected from
25 women diagnosed with invasive ductal breast cancer. In addition, three cancer-free breast tissues, obtained from breast reduction
surgery, were analyzed as a normal group. Collected samples were digested and introduced to ICP-MS for iron analysis.

Results: Our method showed a low rate of measurement error (<10%). A highly significant (p<0.001) ~3 fold difference of iron

concentrations were observed in tumors (24.73+6.15 ppb/mg) as compared to peritumoral tissues (9.10+4.84 ppb/mg). As the
grade and stage of the cancer increases, iron levels in tumor tissues were also found to be increased (p=0.006, p=0.022 respectively).

Conclusion: Our ICP-MS based method can be reliably performed at the established conditions for tissue specimens, and also
have potential to be used in clinical practice. Understanding the relationship between tissue iron levels and tumor characteristics
is essential in identifying potential prevention and treatment strategies.

Keywords: Iron, Breast cancer, ROS, ICP-MS

INTRODUCTION regulation. This is evident through variations in the expression
of several iron-related proteins that correlate with indicators of

Breast cancer is a complex and multifaceted disease that contin- ;1 favorable prognosis.’~!!

ues to pose significant challenges to public health.! Extensive
research has been dedicated to unraveling the intricate mech-
anisms underlying its development and progression. Among

Iron has been implicated in the development of breast can-
cer through several proposed pathways. Experimental evidence

the various factors implicated in breast cancer, emerging evi- suggests that iron-induced oxidative stress may result in dam-

dence suggests that tissue iron levels play a crucial role in its ~ 2&° to DNA, pr(?teins, and organell.es. This damage arises
pathogenesis.> from the production of hydroxyl radicals and hydrogen per-

) ) ] ) ) oxide via chemical reactions like the Haber-Weiss and Fenton
Animal studies conducted so far provide evidence supporting  1eactions. 12— 14 Moreover, it is hypothesized that prolonged dis-

the notion that iron could potentially contribute to the advance- ;1 bance in the balance of cellular redox processes can influ-
ment of breast cancer. These studies demonstrate that diets high

ence specific signaling networks associated with the develop-
in iron or subcutaneously injected iron promote the progression

ment of cancer.!> Such disruption may result in the suppres-

. 3_6 o .
of .brea.st cancer at various stage.s.. When examining breast  gion of tumor-inhibiting factors and the heightened expression
epithelial cells at a cellular level, it is widely acknowledged that ¢ oncogenes.'®!7 Considering the vital role of iron in cellular

the malignant state is marked by an imbalance in cellular iron 4, gliferation, it is logical to assume that iron also significantly
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contributes to the clonal expansion of malignant cells.'®!® Fur-
thermore, iron provides a discerning advantage and facilitates
the increased proliferation of tumor cells. Interestingly, cancer
cells often exhibit a phenotype characterized by iron deficiency,
which manifests as increased expression of iron importers and
decreased expression of iron exporters.'1-2%-2! Therefore, the al-
tered iron metabolism in cancer cells contributes to their growth
and survival.

Due to the higher metabolic and proliferation rates of breast
tumor cells compared to normal breast cells, their iron demand
is substantially greater, resulting in elevated oxidative stress.
The use of dietary antioxidants as supplements to alleviate this
oxidative stress is a common practice.”>>> However, the pre-
cise and optimal dosage of antioxidants administered in clinical
trials remains unclear and insufficiently refined. Moreover, not
all tumor types rely on reactive oxygen species (ROS) signal-
ing, which means that the benefits of antioxidants may not
be universally applicable.?* Additionally, it is essential to con-
sider endogenous factors such as genetic variability in enzymes,
which can limit the efficacy of antioxidants in reducing ROS
levels and protecting cells from oxidative stress by preserving
the integrity of lipid membranes.

Increased ROS levels are known to impede cancer cell sur-
vival during the initial stages of tumor development and pro-
gression. Consequently, dietary supplementation with antioxi-
dants during these stages may inadvertently support cancer cell
survival and hasten tumor growth. In fact, studies have revealed
that the intake of dietary antioxidants can negatively impact
breast cancer prognosis in postmenopausal women and accel-
erate metastasis while reducing survival rates in mouse models
of cancer.”>~% Although clinical trials have not convincingly
demonstrated the effectiveness of antioxidants as standalone
therapies, these compounds are gradually being incorporated
as supplements or adjuncts to conventional treatments.39~32

In addition to its well-known function as a crucial element in
cellular growth, division and co-carcinogenesis, iron can con-
tribute to breast carcinogenesis through an alternative pathway.
Current scientific understanding suggests a synergistic inter-
action between iron and estrogen.* The connection between
estrogen and iron has been suggested as a notable factor in
controlling the aggressiveness of breast cancer and the varia-
tions in recurrence rates observed in pre- and postmenopausal
women.” Estrogen and iron have the ability to activate pathways
of oxidative stress, leading to the production of ROS. This ox-
idative stress plays a pivotal role in inducing and sustaining the
oncogenic phenotype of cancer cells. Consequently, the com-
bined effects of estrogen and iron may result in elevated ROS
production and the occurrence of site-specific or random DNA
damage.**

In our study, we utilized inductively coupled plasma mass
spectrometry (ICP-MS) to quantify tissue iron levels. ICP-
MS is a specialized elemental analysis technique, specifi-
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cally designed for the measurement of elements rather than
molecules and compounds, which are typically analyzed using
liquid chromatography-mass spectrometry and gas chromatog-
raphy—mass spectrometry methods. Unlike the qualitative and
less sensitive colorimetric approaches used in the past, which
relied on the formation of insoluble metal sulfides, ICP-MS
provides precise, sensitive, and highly specific quantification
of heavy metals, including iron. This technique is applicable to
liquid samples or those that can be dissolved or undergo acid
digestion to obtain a liquid sample. The versatility of ICP-MS
has resulted in its widespread adoption in various industries,
including routine environmental monitoring, consumer prod-
uct testing, food and pharmaceutical safety evaluations, as well
as research in life sciences and clinical settings.>> The popu-
larity of ICP-MS can be attributed to its remarkable capability
to achieve remarkably low detection limits for nearly all de-
tectable elements. It can detect numerous elements at levels
below 0.1 part per trillion (ppt), surpassing the capabilities of
other techniques in terms of broad coverage of elements, low
detection limits, and extensive measurement range.36

Our study aimed to examine the relationships between vari-
ous tumor characteristics and the levels of iron in breast tissue
using an in-house method using ICP-MS for analyzing iron
in breast tissue samples. This method has the potential to be
implemented in clinical laboratories for future use.

MATERIALS AND METHODS
Sample Collection

Fresh tumor and peritumoral tissues samples were collected via
the Department of Pathology at Istanbul University-Cerrahpasa
between June 2018 and December 2020. 50 tissue samples were
gathered, comprising 25 pairs of tumor and peritumoral tissues,
obtained from 25 women who underwent surgical procedures
(mastectomy or breast conservation surgery) due to breast can-
cer. These women did not receive any additional treatments
prior to surgery. Peritumoral tissues were taken at least 1 cm
from the tumor boundary. Furthermore, three control samples
were procured from premenopausal women who had no previ-
ous diagnosis of breast cancer and underwent reduction mam-
moplasty surgery. Histopathological evaluation was performed
independently by two pathologists. The collected samples were
rapidly frozen using liquid nitrogen and kept at a temperature
of -80°C until they were utilized for iron measurement analysis.
Tumor characteristics such as grade, stage, lymphatic invasion
status, Ki-67 status and molecular type information were also
recorded. The research protocol received approval from the Eth-
ical Committee of Acibadem University (no: 2018-5/9). Prior
to their participation, each patient provided informed written
consent regarding the study.
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Instrumentation

Wet digestion procedure was carried out with an incubator
(Nuve EN 400, Turkey) and magnetic stirrer with ceramic heat-
ing plate (IKA C-MAG HS 7, China). ICP-MS measurements
were performed with a 7700 Series x (Agilent Technologies,
Germany) equipped with a third generation Octopole Reaction
System (ORS?) using helium gas. Low matrix was selected as
plasma mode. Each measurement was performed with three
repetitions. Data acquisition and analysis was performed with
MassHunter 4.4 Workstation Software (Agilent Technologies,
Germany).

Reagents and Other Materials

Analytical-grade reagents were used throughout the study. Di-
gestion buffer (DB) was prepared via mixing 65% nitric acid
(HNO3, Merck, Germany) solution and 30% hydrogen peroxide
(H,0,, Merck, Germany) solution (1:1, v/v). Standard iron (56
Fe) solutions were prepared from a 1 g/L stock solution (Trace-
CERT Merck, Germany). 5, 10, 25, 50 and 100 ppb standard
solutions were prepared in 1% HNO3 solution. Ultra-purified
water (Milli-Q Plus® — Millipore, USA) was used for prepa-
ration of all solutions. Mineral oil (Sigma-Aldrich, Germany)
was used for heating the samples.

Glassware, sample vials, and pipette tips were decontami-
nated by immersing them in a 10% HNO3 solution for a dura-
tion of 4 hours. They were then thoroughly rinsed with water
and placed on a plastic tray in an oven at 60°C for drying. Fol-
lowing the drying process, all items were stored in sterilized
plastic bags to maintain their decontamination until they were
ready for use.

Wet Digestion

The wet digestion method was modified from the work of Bad-
ran et al.>” Approximately 50 mg of breast tissue samples in flat
bottom glass sample vials were dried overnight at 37°C, and
constant weight was obtained for each sample. 1 mL of DB was
added to dry tissue samples and it was allowed to soak thor-
oughly. Then sample vials were placed into the digestion set up
(Figure 1) under the fume hood. The temperature was slowly
ramped up until reaching 100°C. 1 mL of DB was added to each
vial up to 5 times until a clear solution was obtained. Samples
were evaporated to 100 mL and cooled to room temperature.
1% HNO3 solution was added to complete each sample to 1
mL.

Statistical Analysis

All calculations were performed using the SPSS Statistical Pro-
gram version 24.0 (SPSS Inc. Chicago, IL, USA). The sig-
nificance of differences in Fe levels was determined by the

Wilcoxon signed-rank test (WSR), Mann-Whitney U (MU) or
Kruskal Wallis H (KW) test as needed. All reported p values are
from two-sided tests, and a value less than 0.05 was considered
statistically significant.

RESULTS
Optimization of ICP-MS Analysis

The collision gas utilized in the experiment was helium. Modi-
fying the flow rate of helium gas introduced into the cell resulted
in alterations in the production of molecular ions derived from
argon gas, specifically ArO and ArN, along with changes in
the intensity of the iron signal. To evaluate these alterations,
the fluctuations in ArN, ArO and °Fe signals were quanti-
fied at various volume flow rates of helium gas. During each
measurement, the instrument settings, such as the ion lens volt-
age, were optimized to reduce the detection of molecular ions
and enhance the detection of iron ions. Optimal instrumental
parameters were shown in Table 1.

The instrument was calibrated using aqueous standards of 5,
10, 25, 50 and 100 ppb for Fe. There was a good linear relation
between measurements and standard concentrations. Linearity
was evaluated by calculating the R-square value, which was
0.999 (Figure 2).

In order to evaluate the % error rates of the method a series
of Fe standard samples (300, 600, 800 and 1600 ppb) were
digested in triplicate under the optimized conditions and ana-
lyzed. All samples were diluted with 1% HNO3 (1:16) before
being introduced to the system. The % error of the measured
standard concentrations compared to the true value of the stan-
dards were calculated by the following equation: % error =
[(standard concentration value-calculated value)/ standard con-
centration value]*100. Our results showed that our method has
less than 10% error rate in 300-1600 ppb ranges (Table 2).

Breast Tissue Iron Levels and Alterations within Specific
Groups

Tumor, peritumoral and normal breast tissue samples were
taken into consideration in order to compare iron concen-
trations. The levels in tumor (T) tissues were compared to
peritumoral (P) tissues as well as to normal (N) tissues (Figure
3). Overall, the lowest iron levels were in N (n=3, 3.72+0.69
ppb/mg) and the highest were in T (n=25, 24.73+6.15 ppb/mg).
The difference between T and P (9.10 £4.84 ppb/mg) tissues
was found to be highly significant (WSR, p < 0.001), approx-
imately 3 fold higher in favor of tumor samples. The highest
difference between tissues (> 4 fold) was observed in stage 11
patients’ tissues, however, it did not reach statistical signifi-
cance.

When we investigated the iron levels in the same tissue types
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Figure 1. Wet digestion set up for breast tissue samples.

Table 1. Operating conditions of the ICP-MS

RF Power (W) 1400
Cooling gas flow rate (L min™) 15
Carrier gas (He) (mL min-') 12.0
Sampling depth (mm) 10
Isotope 6 Fe
Replicates 3
Sweeps 100
Acquisition time (s) 55.5

Table 2. Measurement results of iron in standard samples.

Std. Conc.(ppb) Observed (ppb) Calculated (ppb) % Error
300 17.03 272.43 9.19
600 36.25 579.93 335
800 48.54 776.57 2.93
1600 94.46 1511.33 5.54
regarding the tumors’ characteristics, T tissues that were di-  association between factors such as molecular types, lymphatic

agnosed with higher grade had a significant correlation with  invasion and Ki-67 and tissue iron level differences (Table 3).
high tissue iron levels (p = 0.006). On the contrary, P tissues
of grade-3 tumors tend to have lower iron levels compared to
grade-2 tumors’ P tissues (p = 0.054). Iron level difference was
also found to be significant between T samples of stage IT and III
patient group (p = 0.022). There was no statistically significant
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Figure 2. Calibration graph for iron. Blue dots represents 5, 10, 25, 50 and 100 ppb standard solutions measurements respectively. All measurements were
triplicates.

Figure 3. Comparison of iron concentrations among different breast tissue types together with tumor characteristics. Plots represent the difference between A)
overall tissue types, B) histological grades, C) stages, D) lymph node status, E) molecular types and F) Ki-67 expression levels respectively. All concentration
measurements are presented as ppb per mg tissue.
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Table 3. Distribution of iron levels regarding tissue types and tumors’ characteristics

Variable (%) Fe (ppb/mg)

T (Mean,SD) P (Mean,SD) FC (T/P)

Histological Grade

Grade 2 (36) 20.33 +4.50 12.04 £6.40 1.7
Grade 3 (64) 27.21 £5.62 7.45£2.75 3.7
P value 0.006 (MU) 0.054 (MU)

Stage

[IA+IIB (92) 23.46 £5.74 8.89 +4.69 4.1
[IIA+IIIC (8) 31.46 £3.35 10.21£6.22 3.1
P value 0.022 (MU) 0.824 (MU)

Lymphatic invasion

Negative (40) 26.81 £5.93 9.43 +5.98 2.8
Positive (60) 23.35 £6.10 8.89 £4.13 2.6
P value 0.222 (MU) 0.868 (MU)

Ki-67 status

Borderline (36) 22.16 £5.89 11.76 +£6.54 1.9

High (64) 26.18 £5.98 7.60 +2.83 34

P value 0.101 (MU) 0.141 (MU)

Molecular Type

Luminal A (16) 20.71-4.72 12.65-8.74 1.6

Luminal B (36) 23.44-6.31 9.13-4.56 2.6

Her2 (+) (24) 24.74-5.44 6.31-2.20 3.9
29.38-5.76 9.49-2.99 3.1

Triple Negative (24)
P value 0.090 (KW) 0.205 (KW)

T: Tumor tissue P: Peritumoral tissue FC: Fold change, MU: Mann-Whitney Utest, KW: Kruskal Wallis H
test
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DISCUSSION

The pathways mentioned in the introduction part, which gener-
ate ROS and contribute to the development and progression of
breast cancer by disrupting iron metabolism, can potentially be
restored through the incorporation of antioxidants into patient
treatment regimens. This has been proposed as a promising
therapeutic strategy to mitigate tissue damage caused by ox-
idative stress. Importantly, numerous bioactive compounds de-
rived from plants have demonstrated the ability to regulate both
iron metabolism and the cellular redox state, possibly through
interactive mechanisms.3® Before considering such treatments,
it is essential to measure and assess breast tissue iron levels
using a specific method.

Iron is a well-known trace element that plays a significant
role in the human body.>® The study of trace elements in bi-
ology and medicine has garnered considerable research atten-
tion due to their crucial involvement in the metabolism and
growth of living organisms.**~#> Various methods are cur-
rently employed for trace element analysis, including optical
spectrometry, atomic mass spectrometry, X-ray Fluorescence
Spectrometry, ICP/MS, chromatography, neutron activation,
and photon activation techniques.**~* Among these methods,
ICP-MS is widely recognized as the most accurate technique
for determining the content of trace elements in biological
samples.*® Through the optimization of our method, we were
able to achieve error rates below 10%. However, the utilization
of ICP-MS for trace element analysis necessitates the conver-
sion of solid biological samples, such as breast tissues, into a
liquid state through digestion procedures.*” Therefore, sample
digestion, particularly acid digestion, is a crucial and essential
process for accurately analyzing the trace element content in
biological samples. The elemental analysis of biological sam-
ples involves the destruction of organic matter, the primary
component of such samples, followed by their dissolution us-
ing acid digestion. Various acids and acid mixtures containing
nitric, sulfuric, or perchloric acids have been employed for the
acid digestion of biological samples to analyze trace elements
using ICP-MS.*-3! Additionally, wet oxidation procedures in-
volving the combination of oxidizing agents such as hydrogen
peroxide with nitric, sulfuric, and perchloric acids have been
utilized. While most studies investigating breast cancer and
iron have been conducted using serum samples, our samples,
being derived from breast tissues, possess a more complex ma-
trix. Consequently, we optimized the ratio of nitric acid and
hydrogen peroxide in the digestion solution, as well as the tem-
perature, to achieve the most effective dissolution of iron in
breast tissue samples.

The causative factors of human breast cancer remain a topic
of debate, although various factors such as hormonal influ-
ences, toxic substances, oxidative stress, and lipid peroxidation
have been proposed as potential contributors to breast cancer
development. In biological systems, the concentration of redox-

active transition metals, which have the ability to catalyze or
generate free radicals like superoxide, hydrogen peroxide, and
hydroxyl radical, is typically low. However, in certain patho-
logical conditions such as breast cancer, these transition metals
and their transport proteins can accumulate in different target
organs, leading to cellular lipid peroxidation and DNA dam-
age. Excessive iron, in particular, is known to facilitate the
production of hydroxyl radicals, impair cellular immune func-
tions, and promote tumor growth, as supported by substantial
evidence.??~>?

Several studies have documented alterations in protein ex-
pression that may provide insights into the accumulation of
iron in breast tumor cells. These investigations have not only
focused on ferritin, but also on various other proteins involved
in the molecular mechanisms of iron absorption, storage, uti-
lization, and elimination. However, only a limited number of
studies have directly measured iron levels in breast tissue. These
studies have consistently observed a significant accumulation
of iron in breast tumor samples, particularly in postmenopausal
women, indicating a correlation between iron accumulation, ad-
vancing age, and the cessation of menstrual periods.’®3’ Our
analysis aligns with these findings, revealing an overall eleva-
tion of iron concentrations in tumor tissues compared to adja-
cent peritumoral tissues. Furthermore, we observed that iron
levels in normal breast tissue were notably lower compared to
other tissues.

Although not statistically significant, we observed a 2.5-fold
difference between peritumoral and normal breast tissues in
terms of iron levels. This finding sheds light on the potential
involvement of peritumoral tissue, which encompasses the cells
of the tumor microenvironment, in the dysregulation of iron
metabolism associated with breast cancer progression. Previ-
ous research by Marquez et al. has also identified iron accu-
mulation in stromal inflammatory cells associated with breast
cancer, suggesting that these cells could serve as a significant
reservoir of iron for the tumor core.>® Furthermore, their discov-
ery of disrupted iron-related protein expression in infiltrating
lymphocytes and macrophages provides further evidence sup-
porting the notion that stromal cell responses within the breast
microenvironment play a critical role in tumor progression.>%-%0

In our study, we also explored the potential links between
tissue iron levels and factors influencing the prognosis and
treatment of breast cancer. The analysis results revealed that the
accumulation of iron in tumor tissues was associated with well-
known indicators of poor prognosis, such as high histological
grade and advanced stage. Although not statistically significant,
we also observed an increase in the extent of iron accumulation
in tumor tissues compared to peritumoral tissues as the disease
exhibited more aggressive characteristics, became resistant to
treatment, and showed decreased survival rates (as indicated by
Ki-67, molecular type, and lymph node status). Another study,
which included the analysis of tumors from 251 breast cancer




patients, explained the relationship between these unfavorable
prognostic tumor characteristics and impaired iron metabolism
through low expression levels of ferroportin.®! Overall, it is
plausible that the disruption of mechanisms crucial for main-
taining a controlled iron balance may contribute to tumor devel-
opment, increased aggressiveness, metastasis, and higher rates
of disease recurrence.”-%>

Except for normal tissues, all the samples used in our study
were obtained from individuals diagnosed with invasive duc-
tal breast cancer. Previous research, including our own, has
provided evidence of local estradiol production within breast
tissues, particularly in hormone-positive tumors.3=% The el-
evated levels of estrogen in breast tissue disrupt intracellular
iron metabolism, causing an excess accumulation of iron. This
imbalance in iron levels can trigger the production of super-
oxide anions and the conversion of Fe3* bound to ferritin to
Fe?*, resulting in estrogen-induced oxidative stress on nucleic
acids. This oxidative stress can subsequently contribute to the
development of cancer.®0~08

CONCLUSION

In conclusion, our findings indicate a strong correlation be-
tween elevated iron levels in breast tumor tissue and the pro-
gression and prognosis of the disease. Additionally, we have
developed a practical methodology utilizing ICP-MS for accu-
rately measuring iron concentration in breast tissue samples.
Iron, as a redox-active metal, possesses the potential to ROS,
which can contribute to the development of breast cancer. While
cancer cells maintain similar iron metabolism pathways to nor-
mal cells, alterations in the expression of proteins and enzyme
activities suggest a reprogramming of iron metabolism crucial
for tumor cell survival. The upregulation of iron-dependent
proteins in cancer cells, accompanied by the avoidance of iron
overload-induced damage, leads to an "adjusted iron homeosta-
sis" aligned with tumor metabolism. Furthermore, excess iron
and the disruption of intracellular iron metabolism by estrogen
play significant roles in breast cancer development and progres-
sion. Iron depletion and the use of various antioxidants have
the potential to inhibit cancer cell growth and reduce inflamma-
tion by suppressing ROS generation. Consequently, antioxidant
supplements may complement other therapeutic approaches in
managing breast cancer. However, preclinical research, both in
vitro and in vivo, is required to elucidate the role of antioxi-
dants in breast cancer initiation and progression, their dual role
(antioxidant or oxidant) depending on concentration, and their
interaction with other compounds and therapies.
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ABSTRACT

Objective: NAD(P)H: Quinone oxidoreductasel (NQO1) plays a crucial role in cellular defense against oxidative stress. Overex-
pression of NQOV1 is linked to various cancer pathways. Despite its potential, the actual mechanisms to inhibit NQO1 and increase
the efficacy of standard therapeutic options are not yet established. Resveratrol is an anti-cancer polyphenol found in dietary
products and red wine. The objective of this investigation is to employ in silico methods to explore how resveratrol interacts with
NQOL.

Materials and Methods: Docking analysis of resveratrol against NQO1 was performed using Glide. The most efficiently docked
complex was characterized and analyzed by measuring intermolecular (IM) hydrogen (H)-bonds and binding energy values,
additional hydrophobic, and electrostatic interactions. IM interaction between complexed protein and compound was demonstrated
using LigPlot+ and the Schrédinger ligand interaction module. Molecular dynamics tools were employed to examine the physical
movement of molecules to evaluate how macromolecular structures relate to their functions.

Results: The results of this investigation depicted a strong affinity of resveratrol against NQO/1 followed by MD simulations (NQO1-
resveratrol complex-binding energy: -2.847kcal/mol). Resveratrol’s robust binding affinity through docking and molecular dynamic
simulations highlights a significant change around 90 ns. The H-bonds number was inversely linked with the resveratrol-NQO1
complex stability. The NQO1-Resveratrol complex displayed dynamic motion, as revealed by porcupine projections, indicating
alterations in its movement and flexibility.

Conclusion: The present in silico analysis suggests a possible alteration in resveratrol’s orientation in the protein binding pocket.
The findings encourage further investigation, including validation using in vitro and in vivo assays.

Keywords: Molecular Dynamic Simulation; NQO1; Resveratrol; Oxidative Stress; In silico Analysis

INTRODUCTION driven by transcriptional activation through the Keapl/Nrf2

pathway, which is frequently dysregulated in cancer cells.”~!2
NAD(P)H: Quinone oxidoreductase 1 (NQOI1) is a multi-  The hejghtened NQOI levels in cancer cells confer a survival
functional enzyme encoded by the NQOI gene. It functions  ,qyantage by enabling better oxidative stress management, fa-

as an effective cytoprotective agent, a protective antioxidant,  ¢ijitating tumor growth, and potentially contributing to treat-
and a regulator of the oxidative stressors that cause DNA dam- 13-15

age in cancer cells in chromatin-binding proteins.! = Upregu- ) o ) )

lation of NQOI is observed in numerous human cancers.*~8 Understanding the intricate relationship between cellular ox-

It is established that the elevation of NQOI levels has been idative stress, redox bala?ce., and NQO.I’S. participation. in
attributed to the cellular defense response against increased cellular responses holds significant implications for multiple

3,16 :
oxidative stress associated with cancer. NQO1’s induction is fields.”™ Targeting NQO1 and the related pathways could of-

ment resistance.
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fer novel strategies for therapeutic interventions in cancer treat-
ment, exploiting the dependency of cancer cells on redox adap-
tation. Multiple iterations of NQO1 regulating or bioactivating
methods have already been explored for cancer therapy and
diagnostic efforts.'”~1° Further investigations are warranted to
decipher the complex interplay between NQO1, ROS genera-
tion, and its multifaceted roles in cellular stress responses and
carcinogenesis.

Resveratrol, a polyphenol belonging to the stilbenoids fam-
ily, has two phenol rings joined by an ethylene bridge. Resver-
atrol (3,5,4-trihydroxy-trans-stilbene) is a polyphenol discov-
ered in dozens of plant species, including the skin and seeds
of grapes,’®~2? red wines, and various human diets. Resvera-
trol exerts its anti-cancer effects through multiple mechanisms.
Not only does resveratrol display antioxidant properties, as
mentioned above, but it also exhibits more pleiotropic effects,
including direct anti-tumor activity. Acting on pathways like
Wnt/p-catenin, TGF-B/SMAD, and PI3K/Akt/mTOR, resver-
atrol can inhibit multiple pathways of tumor progression and
metastasis.?3 2

In this investigation, an in silico approach is performed to
study the anti-cancerous activity of resveratrol through its in-
hibitory potential against the NQO/1 protein. The in silico dock-
ing approach depicted a better binding affinity of resveratrol
against NQO1, followed by molecular dynamics (MD) sim-
ulations, which tracked the trajectory graphs, with a sudden
increase in their peaks, particularly at the 90-nanosecond (ns)
mark of the MD simulation time period, which is a matter of
interest in this investigation. The sudden rise in the peaks may
be due to a sudden change in the orientation of resveratrol in the
binding pocket of the protein. Therefore, based on the findings,
we recommend that the molecule be synthesized and in vitro
and in vivo analyses conducted to corroborate the efficacy seen
in silico to gauge their potency as anti-cancerous drugs before
clinical research.

MATERIALS AND METHODS
In silico Analysis

The information on the 1) structure, 2) sequence, and 3) func-
tion of NQO1 was retrieved from the UniProtKB database
with ID P15559 (NQO1_HUMAN), Protein Data Bank (PDB)
Research Collaboratory for Structural Bioinformatics (RCSB).
PDB ID: 1KBQ with resolution 1.80 A was used in this study.
Chain A of NQOI1 was found to have 272(2-273) amino acids
(aa). Other chains and co-crystallized molecules were evaluated
(BIOVIA Discovery Studio 4.5).
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Prediction of Binding Site

The active site residues part of the binding site were used
to predict the binding site of NQOI1 following the published
model.?’

Retrieval of Resveratrol

Resveratrol’s structural data was extracted in Structure Data
Format (SDF) using the Compound ID: 445154 from the Pub-
Chem database.?® The structure was converted to .pdb format
using BIOVIA Discovery Studio 4.5 Visualizer (BIOVIA, San
Diego, CA, USA), to use in docking tools.

Molecular Docking

Resveratrol was docked against NQO1 in extra precision (XP)
mode using Glide (Grid-based Ligand Docking with Energet-
ics), according to binding energy, IM H-bonds, and hydropho-
bic and electrostatic interactions, before the most viable docked
complexes were analyzed further. Schrodinger’s ligand inter-
actions module and LigPlot+ (https://www.ebi.ac.uk/thornton-
srv/software/LigPlus/) were utilized to reveal the IM links be-
tween the protein-compound complexes.

Molecular Dynamics Simulations

As shown earlier, MD was used to assess the atom and
molecule’s physical movements.>® For a set amount of time,
the molecules and atoms interact, displaying the system’s dy-
namic “evolution.”* Drug binding modalities were confirmed
through a comprehensive view of the NQO1-resveratrol com-
plex by performing MD simulations of the Apo(NQO1:only
protein) and Holo state: NQO1-resveratrol complex using the
Desmond program. The top-scoring ligand-protein complexes
were analyzed by 100 nanoseconds (ns) MD simulation.

The MD process encompassed several steps: “minimization,
heating, equilibration, and run generation.”3! Minimization of
protein-ligand complexes utilized the OPLS4 force field, au-
tomatically determining topology and atomic coordinates. The
ligand was placed within a 15X15X10 orthorhombic box using
the SPC solvent model. To achieve physiological pH, neutral-
ization necessitated a concentration of 0.15 M. The Particle
Mesh Ewald (PME) boundary condition was employed to es-
tablish the water box, ensuring that the solute atoms remained
at least 10 A away from the box’s edges. Minimization of the
protein-ligand complexes was done with the OPLS4 force field
before the topology and atomic coordinates were automatically
determined.? The ligand was submerged in an orthorhombic
15X15X10 SPC solvent model box. The physiological pH neu-
tralization required 0.15 M. The water box was set up via the
PME boundary condition to assure no solute atoms occurred
within 10 A of the border.
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Employing the NPT ensemble, the entire system underwent
a simulation at 300 K for a duration of 100 ns. Subsequently,
graphs depicting the root mean square deviation (RMSD) and
root mean square fluctuation (RMSF) were generated. RMSD
is used to measure the difference from initial structure confor-
mation compared to its final position. The individual residue
flexibility of a protein or complex can be determined by cal-
culating the RMSF.3* The most likely ligand binding mode
at the protein’s binding site is demonstrated in the simulated
interaction diagram.>*

Principal Component Analysis (PCA)

By reducing high-dimensional motional sets of data into a man-
ageable subset made up of principal components (PCs) that
characterize the collective motion, a PCA or Essential Dynam-
ics (ED) separates collective motions from local dynamics.?
The ED approach was used to run PCA utilizing the Desmond
module of Schrodinger Maestro v 2022.4 to achieve the motions
in the Apo and Holo states.

RESULTS

Analysis of Binding Sites and Grid Scores of Targeted
Protein NQO1

The consensus results from each web server represented the
residues. Active site formation of NQOI1 involves the follow-
ing amino acids: His11, Ser16, Thr15, Phel7, Asnl8, Ala20,
Pro102, Trpl105, Phel06, Leul03, Thr148, Thr147, Gly149,
Gly150, Tyr155, 1le192, Arg200, and Leu204. To screen com-
pounds against potential targets, a well-known docking soft-
ware system called AutoDock tool (ADT) was used.”’” ADT
v.1.5 was used to assign Kollman charges to the protein. The
dimensions, spacing, and parameters used to build the NQOI1
grid were chosen to help the ligand/drug’s fully extended con-
formation. The centering values for the x, y, and z axes were
22.072, 12.323, and 13.297, respectively.

Molecular Docking

The binding energies and other interaction studies of the the
NQO1-resveratrol complex (Table 1; Figures 1A and 1B)
showed that the drug-target interactions binding energies var-
ied. There were several conformations produced from the dock-
ing research analysis utilizing GLIDE, but only the most fa-
vorable configuration with the maximum docking score was
carefully selected for the IM interaction investigation. The re-
sults reflected that -2.847 kcal/mol was the binding energy for
the NQO1-resveratrol complex. To comprehend and check the
binding modalities of “protein-ligand interaction” for a certain
time period, MD simulations of the docked complex were per-
formed.

Trajectory Analysis of MD Simulations

MD was used to analyze atom/molecule physical movements,
as described above.*® A 100 ns MD simulation was used to test
the stability of the docked complex with compound and receptor
structural rearrangements. In order to comprehend the dynamic
behavior and mode of binding, the dynamics and stability of
two systems (NQO1: Apo; NQO1-resveratrol complex: Holo)
were assessed using the Desmond suite (Schrodinger Release
2022-4: Maestro, Schrodinger, LLC, New York, NY, 2022).
The dynamic stability of both systems (Apo and Holo) was
assessed using the RMSD profile of the backbone atoms at 100
ns (Figure 2A). After 75 ns of MD simulations, the backbone
RMSD graph of the Holo state showed a stable trajectory when
compared to the Apo state.

Throughout the MD simulation run, Apo displayed aberra-
tions compared to its Holo condition. In contrast to the Apo
state, which showed significant variations over the course of
the MD simulations, the Holo state displayed a stable RMSD
value between ~1.6 and ~2.8 for the 75 to 100 ns of simulation
time. This illustrates how protein can be stabilized by revers-
ing the effects of resveratrol. The RMSD result was further
validated by the variation of residues using RMSF. An RMSF
graph (Figure 2B) was used to track the movement of specific
residues in both states. This could be because resveratrol in-
teraction affected the amino acid residues between 60 and 70,
125 and 130, and 220 and 240, all showing higher changes in
their Ca atoms than other sites. The terminal residues, approxi-
mately 10 in number, displayed greater fluctuations at both their
C- and N-terminal ends across all states, but these variations
can be considered negligible. Residues within the protein that
engage with the ligand are marked with vertical green bars.

The interactions among amino acids are influenced by their
exposure to specific solvents, particularly through hydrophobic
interactions. The degree of exposed surface area is inversely
correlated with the frequency of these interactions with the
solvent and critical protein residues. A decrease in the solvent
surface that was accessible in the holo state has been depicted
in the SASA graph (Figure 2D).

H-Bond Analysis

Schrodinger Release 2022-4 was used to visualize the IM hydro-
gen bonds of the Holo state during the MD simulations (Figure
3A to 3C). Variable IM hydrogen bonds were discovered during
the modeling of the Holo state. In the case of the Holo state, the
post-MD simulation study did not find any H-bonds. The simu-
lation showed that the number of H-bonds was inversely linked
with the stability of the resveratrol-NQO1 complex. The Holo
state’s IM hydrogen bonding was observed. According to the
stacked bar chart of Holo in Figure 3A, the amino acid residues
Ala20, Arg200, and Glu205 of NQO1 may be necessary for
the binding and control of the protein. These residues could be
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Table 1. Molecular docking scores of resveratrol against human NQO1.

Figure 1. Binding energies and other interaction studies of the NQO1-resveratrol complex. (A) The NQO1-resveratrol complex exhibited IM hydrogen bonding,
electrostatic interactions, and hydrophobic interactions. The 2D representation was generated using the ligand interactions module of Schrodinger. (B) The
NQOl-resveratrol complex displayed its 2D interaction pattern through the utilization of the LigPlot+ tool and BIOVIA Discovery Studio 4.5 Visualizer (BIOVIA,

San Diego, CA, USA).

Figure 2. Root mean square deviation of the NQO1-resveratrol complex. The conformational stability of the NQO1 protein’s Apo and Holo states was assessed
over a 100 nanoseconds (ns) duration of molecular dynamics simulation using the following analyses: (A) Backbone-RMSD of the NQO1-resveratrol complex.
(B) Ca-RMSEF profile of the NQO1-resveratrol complex. (C) Radius of gyration (Rg) profile of the NQO1-resveratrol complex. (D) Solvent accessible surface

analysis (SASA) of the NQO1-resveratrol complex.

the most crucial amino acid residues for binding and protein
function. Values exceeding 0.5 in this histogram are achievable
due to some protein residues’ capacity to produce multiple in-
teractions of the same subtype with resveratrol. The amount of
IM hydrogen bonds was consistently reflected in the simulation

of the Holo state (Figure 3B). In the case of the post-MD of
Holo, no H-bond was visible (Figure 3C). The H-bond-forming
residues of His11, Arg200, and Thr15 broke down during the
simulations of Holo but were later made up for by novel hy-
drophobic interactions and van der Waals interactions.
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Figure 3. H-bond analysis of the NQOI1-resveratrol complex. (A) The protein-ligand contacts within the NQO1-resveratrol complex throughout the 100 ns
simulation are visualized through a stacked bar chart. (B) The fluctuations in hydrogen bond interactions within the NQO1-resveratrol complex during the 100 ns
simulation are indicated by blue lines. (C) Following the MD simulations, interactions including IM hydrogen bonding, electrostatic, and hydrophobic contacts
are depicted within the NQO1-resveratrol complex. This graphical representation was generated using the ligand interaction module of Schrodinger.

Principal Component Analysis (PCA)

The trace values of the covariance matrix for the backbone
atoms were instrumental in limiting and characterizing the flex-
ibility of both the apo and Holo states in each simulation proto-
col. The projections of trajectories along PC1 and PC2 visually
depicted how these states moved within the phase space. These
trajectories were mapped onto the first two principal compo-
nents, providing a clear representation of the motion exhib-
ited by the apo and Holo states of the protein-ligand complex
(Figure 4A).

Higher flexibility in the Holo: NQO1-resveratrol complex is
represented by the scattering cloud of PCA plots. The atom
configurations may have moved and moved back during the
dual time course of the 100 ns simulation time frame, which
could account for the flexibility. The “Cross-correlation matrix”
of the Ca- displacement revealed that all of the residues in the
“NQOL1” protein had motions that were both negatively (Figure
4B, blue shade) and positively (Figure 4B, red shade) linked
with them, supporting the protein’s erratic movement.

The vectorial representation of its individual components de-
picted the direction of motion. The majority of internal and ex-
ternal motions were visible in the projection vectors. Sharp por-
cupine curves were noticed after the graphing (Figure 4C). The
NQO1-resveratrol complex was shown by the porcupine pro-
jection as inward and outward motion, which signify changes
in motion and flexibility. This may result from atom configu-
rations moving and then moving back throughout the 100 ns
simulation time frame.

Oxidative stress, originating from the presence of dispro-
portionate reactive oxygen species (ROS) generation and cel-
lular antioxidant defenses, can be mitigated by NQO1’s enzy-
matic activities. Recent studies have highlighted the potential
of NQOI inhibitors to impact cellular responses, particularly
in the context of apoptosis induction.
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Figure 4. Principal component analysis of the NQO1-resveratrol complex. (A) The projection of trajectories (PC1 and PC2) is symbolized by the cloud. (B) A
comparative analysis of cross-correlation matrices for the backbone atoms within the NQO1-resveratrol complex was conducted using PCA. (C) The individual
components within the NQO1-resveratrol complex are visually represented through sharp porcupine plot curves in a vectorial manner.

DISCUSSION

The NQO1-resveratrol complex’s interaction pattern involving
IM hydrogen bonding, electrostatic interactions, and hydropho-
bic interactions is a crucial aspect of understanding the molecu-
lar basis of their binding and potential biological activity. These
results have been presented in Table 1 and Figure 1. Hydrogen
bonds are critical to stabilize molecular complexes. In the tested
NQO1-resveratrol complex, the IM hydrogen bonds form be-
tween specific atoms on both molecules, which potentially con-
tribute to the overall stability of the complex.3®37 Analyzing
hydrogen bonding patterns can reveal key binding interactions
and help explain the complex’s biological activity.>®3° The
electrostatic interactions result from the attraction or repul-
sion of charged particles, such as positively charged (cationic)
and negatively charged (anionic) groups on molecules. In the
context of the NQOI1-resveratrol complex, electrostatic inter-
actions might involve charged regions on both molecules that
come into close proximity during binding. Understanding these
interactions is essential for elucidating the electrostatic contri-
butions to the complex’s stability and function.?®-4° Hydropho-
bic interactions can occur between nonpolar or hydrophobic
regions of molecules, with such interactions possibly contribut-
ing to stabilizing protein-ligand complexes.*! Resveratrol, be-
ing a polyphenolic compound with a hydrophobic core,*? is
likely to engage in hydrophobic interactions with hydropho-
bic patches on NQOI or other nearby residues. These in-
teractions can facilitate the binding of resveratrol to NQO1
and influence its biological effects. Schrodinger’s Maestro and
the Desmond v 2022.4 software suite are commonly used for
molecular modeling and simulation studies. In the context of the
NQO1-resveratrol complex, it likely offers advanced visualiza-
tion and analysis capabilities, enabling researchers to produce
detailed 2D interaction diagrams that visually represent the spe-
cific interactions between NQOI1 and resveratrol. This aids in

a more comprehensive understanding of the complex’s binding
pattern.’%43 Overall, the description of the NQO-resveratrol
complex’s interactions and the use of these computational tools
reflect a systematic and in-depth approach to studying molec-
ular interactions.**~46 This knowledge is essential for design-
ing and optimizing drug candidates, understanding biological
mechanisms, and potentially developing new therapeutics or
interventions based on the NQO1-resveratrol interaction.

The assessment of both the stability of the docked complex
involving the compound and any structural rearrangements in
the receptor was conducted through MD simulations (Figure
2).

The fluctuation in resveratrol’s rGyr within the protein’s re-
ceptor binding pocket remained consistent, spanning approx-
imately ~3.40 A to ~3.70 A. This consistent ligand behavior
was evident throughout the 100 ns MD simulation, indicating
stability. Notably, this illustrates that the Holo state maintains
greater compactness, underscoring the inverse correlation be-
tween rGyr values and compactness.>> The RMSF analysis
lends robust validation to the rGyr findings. Hydrophobic in-
teractions influence how amino acids interact with solvents by
modulating their exposure. The more an amino acid is exposed
to a solvent, the less frequent its interactions with that solvent,
with crucial protein residues following this pattern. Figure 2D
in the SASA graph illustrates a decrease in solvent-accessible
surface area in the Holo state, reflecting this effect. The SASA
analysis revealed that resveratrol’s binding induced changes in
the hydrophilic and hydrophobic interaction regions. This phe-
nomenon could potentially lead to alterations in protein surface
orientations, driven by the relocation of amino acid residues
from accessible to buried areas. Over the course of a 100 ns
MD simulation, the SASA graphs for the Holo state depicted
SASA values spanning approximately ~200 to ~360 A. This
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suggests that the protein surface orientation may change due to
the amino acid residue moving from the accessible area to the
buried area. Taking together all the trajectory graphs, a sudden
increase in the peak, particularly at 90 ns MD simulation time
period, could be observed, which is a matter of interest in this
investigation. The rise in the peak may be due to the sudden
change in the orientation of resveratrol in the binding pocket of
the protein.*’

In the study using Schrédinger Release 2022-4, MD simula-
tions were employed to investigate the behavior of IM hydro-
gen bonds in the Holo state of the resveratrol-NQO1 complex
(Figure 3A to 3C). Variable IM hydrogen bonds were observed
during the modeling of the Holo state, but interestingly, no
hydrogen bonds were found in the post-MD simulation of the
Holo state. This suggests that the stability of the resveratrol-
NQO1 complex was inversely related to the presence of hy-
drogen bonds. The stacked bar chart for the Holo state (Figure
3A) highlights specific amino acid residues, namely Ala20,
Arg200, and Glu205 of NQOI1, which may play a crucial role
in the binding and regulation of the protein. These residues
appear to be vital for both binding and the protein’s overall
function. The histogram indicates that values exceeding 0.5
are possible, indicating that specific protein residues have the
capacity to form multiple interactions of the same type with
resveratrol. This pattern of hydrogen bond behavior was con-
sistently observed throughout the simulation of the Holo state
(Figure 3B). However, in the post-MD analysis of Holo, no hy-
drogen bonds were evident (Figure 3C). During the Holo sim-
ulations, specific hydrogen bond-forming residues like His11,
Arg200, and Thrl5 initially broke their hydrogen bonds but
were subsequently compensated by new hydrophobic interac-
tions and van der Waals interactions. This suggests a dynamic
and adaptive behavior of the complex during the simulation,
where hydrogen bonds were replaced by other types of interac-
tions. Overall, these findings provide insights into the role of
hydrogen bonds and other interactions in the stability and dy-
namics of the resveratrol-NQO1 complex, with specific amino
acid residues like Ala20, Arg200, and Glu205 appearing to be
critical players in the binding and function of the protein.

The covariance matrix trace values of backbone atoms were
critical in governing and defining the flexibility of the apo
and Holo states in each simulation protocol. These values pro-
vide insights into how atoms within the protein-ligand com-
plex move and interact. Trajectory projections based on PC1
and PC2 illustrated the dynamic behavior of the states within
the phase space. This type of analysis helps visualize how the
protein and ligand move and evolve during the simulation. In
Figure 4A, PC1 and PC2 were used to project the trajecto-
ries of the apo and Holo states of the protein-ligand complex.
The scattering cloud in the PCA plots for the Holo state sug-
gests higher flexibility in the NQO1-resveratrol complex. This
variability in atom configurations may involve movements that

occur and then reverse over the course of the 100 ns simulation,
contributing to the overall flexibility observed.

The “Cross-correlation matrix™ analysis of C-displacement
(Figure 4B) reveals that all residues in the NQOI1 protein ex-
hibit both positively (red shade) and negatively (blue shade)
correlated motions. This indicates that the protein undergoes
complex, coordinated movements during the simulation, with
some residues moving in the same direction, while others move
in the opposite direction. The vectorial representation of indi-
vidual components (porcupine plots, Figure 4C) indicates the
direction of motion. These plots illustrate both internal and
external motions, with sharp curves in the porcupine plots sug-
gesting significant changes in motion and flexibility. In the case
of the NQO1-resveratrol complex, the porcupine projection in-
dicates both inward and outward motions, suggesting that atom
configurations are not only changing but also returning to pre-
vious states during the 100 ns simulation time frame.

Overall, these analyses provide valuable insights into the dy-
namic behavior of the NQOI1-resveratrol complex, highlight-
ing the complex interplay of motions, flexibility, and structural
changes that occur during the simulation. These findings can aid
in understanding the conformational dynamics of the protein-
ligand complex and its functional implications.

CONCLUSION

Oxidative stress, originating from the presence of dispropor-
tionate ROS generation and cellular antioxidant defenses, can
be mitigated by NQO1’s enzymatic activities. Recent studies
have highlighted the potential of NQOI inhibitors to impact
cellular responses, particularly in the context of apoptosis in-
duction. Understanding the intricate relationship between cel-
lular oxidative stress, redox balance, and NQO1’s participation
in cellular responses holds significant implications for multiple
fields. Targeting NQOI1 and related pathways could offer novel
strategies for therapeutic interventions in cancer treatment, ex-
ploiting the dependency of cancer cells on redox adaptation.
Further investigations are warranted to decipher the complex
interplay between NQO1, ROS generation, and its multifaceted
roles in cellular stress responses and carcinogenesis.

Cellular oxidative stress, stemming from disruptions in re-
dox equilibrium, is intimately linked to ROS generation, promi-
nently through enzymatic activities involving NQOI1. This cy-
tosolic reductase is integral to cellular stress responses and
is notably upregulated in various human cancers. Elucidat-
ing NQO1’s precise functions within the context of oxidative
stress and cancer has the potential to unravel novel avenues
for therapeutic innovations and deepen our understanding of
cellular adaptation to stress conditions. When the Keap1/NRF2
pathways, influenced by cancer-promoting signals, become dis-
rupted in cancer cells, there is a surge in the transcription and
translation of NQO1. Resveratrol may bind to NQO1, reduce




its activity, and subsequently raise the levels of intracellular
ROS.*® This process ultimately leads to heightened cancer cell
mortality (Figure 5).

Figure 5. Schematic representation of the mechanism of resveratrol interaction
with NQOI and its implication as a potential cancer therapy. Upon dysregula-
tion of Keapl/NRF2 pathways driven by pro-tumorigenic signaling in cancer
cells, NQOLI transcription and translation are increased. We suggest upon bind-
ing with resveratrol, NQO1 is downregulated, leading to an elevated level of
intracellular ROS resulting in increased cancer cell death.

This investigation utilizing the in silico docking approach
depicted a strong binding affinity of resveratrol against NQO1.
Notably, following the trajectory graphs through MD simula-
tions revealed a sudden increase in the peaks particularly at
90ns MD simulation time period. The rise in the peak may be
due to the sudden change in the orientation of resveratrol in
the binding pocket of the protein. In addition, the trajectory
analysis suggested resveratrol’s potential to destabilize pro-
tein structure, corroborated by global and local changes in the
RMSD and RMSF readings and SASA data. The RMSF val-
ues supported the rGyr findings wherein the Holo state was
more compact, and multiple residues were identified as po-
tential keys for resveratrol-NQO!1 binding interactions. These
findings warrant the need for subsequent preclinical studies to
verify presented in silico results, potentially leading to clinical
research involving resveratrol and NQO1 interactions.
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ABSTRACT

Objective: Valproic acid/valproate (VPA) is an antiepileptic agent that is structurally a short-chain fatty acid. It triggers the
generation of reactive oxidants that can affect lens tissue. Moringa oleifera Lam. is a prevalent plant that grows in Asia, Africa
and South Africa. The plant has anti-inflammatory, hepatoprotective, nephroprotective and cardioprotective activities.

Materials and Methods: The effect of 70% ethanol extract of the Moringa oleifera leaves was examined on VPA-induced lens
tissue damage in this study. Experimental rats were grouped into four: the control (C), Moringa extract (M), VPA, and VPA+M
group. M extract and VPA respectively were administered orally at a dose of 0.3 and 0.5 grams per kg body weight daily for fifteen
days. The lens tissues of the rats were taken after sacrifice. Oxidative stress markers including glutathione, lipid peroxidation,
and advanced oxidation protein products levels, glutathione reductase, glutathione peroxidase, glutathione-S-transferase, and
superoxide dismutase activities, total oxidant status, total antioxidant status, reactive oxygen species, nitric oxide levels and aldose
reductase and sorbitol dehydrogenase activities were determined.

Results: Tissue homogenates showed a significant decrease in glutathione and total antioxidants, as well as an altered activity of
superoxide dismutase and glutathione-related enzymes in VPA groups. Moreover, a significant rise in the concentration of nitric
oxide, reactive oxygen species and total oxidants, coupled with higher aldose reductase and sorbitol dehydrogenase activities were
detected. In contrast, changes in the levels of these parameters were offset in the VPA+M group by Moringa extract.

Conclusion: This suggests that Moringa oleifera leaves are an excellent nutritional composite for mitigating the damaging
properties of VPA.

Keywords: Antioxidant enzymes, Lens, Moringa oleifera, Oxidative damage, Valproic acid.

INTRODUCTION capable of mitigating the deleterious effect of VPA upon co-

. ) administration cannot be over-emphasized.
Valproic acid/valproate (VPA) is a broad-spectrum agent ef-

fective against generalised seizure and other related forms of Moringa oleifera Lam. (Drumstick or Horseradish) is nick-
neurological disorders. It is structurally a short-chain fatty acid.  amed ‘the miracle tree’ due to its diverse and multipurpose
Despite its efficacy and wide acceptance/usage, the administra-  pepefits. The plant is indigenous to Asia, Africa, and South

tion of VPA is accompanied by a wide range of adverse drug  America-regions where epilepsy remains endemic. The leaves

reactions and toxicity. The generation of non-reduced reactive ¢ Moringa oleifera are rich in vitamins such as vitamin A

intermediates, reactive oxygen species, as well as peroxides are (as B-carotene), vitamin B, and vitamin C. More so, reason-

implicated to be the primary causes of VPA-induced oxida-  ple concentrations of zine, calcium, copper, iron, magnesium,

tive stress. These intermediates destabilise antioxidant status, and potassium are found in the leaves 10 Furthermore. stud-
. b

deplet.e glucu.ronide an.d CoA l.evels, disrulpt beta-.()).(idations, ies have shown that Moringa oleifera possesses essential fatty
and hinder mitochondrial function as well.” In addition to the  5¢ids and some rare essential oils. Besides these, quercetin,

2 3 i tastine 4 brain.d liver6 kidnev? 8 o . S
pancreas,” heart,”, intestine,” brain,” liver,” kidney" and lungs®,  yaempferol and myricetin are the conspicuous flavonoids iden-
the functionality of lens tissue is also shown to be affected by (ified in the plant leaves.!! In addition to enzyme inhibi-
VPA.? Therefore, the significance of any food-based substance  op action,'? leaf extract of Moringa oleifera is verified to

Corresponding Author: Eda Dagsuyu E-mail: eda.dagsuyu @iuc.edu.tr
Submitted: 17.07.2023 e Revision Requested: 04.08.2023 o Last Revision Received: 08.08.2023 o Accepted: 10.08.2023 o Published Online: 21.09.2023

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

289



http://orcid.org/0000-0003-0395-1058
http://orcid.org/0000-0002-4009-481X
http://orcid.org/0000-0001-6503-4613
http://orcid.org/0000-0003-4185-4363

European Journal of Biology

have antioxidant,'? and anti-inflammatory action.'* Tt protects

hepatocytes,'> nephrone,'® cardiac tissue,!” and has wound
healing effects.!® Therefore, can be meritoriously engaged in
the treatment of multifarious complications and devoid of the
fear of toxicity. In the current study, the action of Moringa
extract against VPA-induced toxicity on the lens tissues of
Sprague Dawley rats was investigated.

MATERIALS AND METHODS
Collection and Preparation of Plant Sample

Plant samples were collected, identified, and prepared as ear-
lier reported.'? Briefly, powdered shade-dried Moringa oleifera
leaves were extracted using 70% ethanol (Merck KGaA). After
boiling and a clear Soxhlet siphon was obtained, the solvent was
evaporated, and the residue was weighed and stored at -20°C.

Experimental Protocol

The research protocol (11.2020.mar) for the present experiment
has earlier been published.!® The female Sprague Dawley rats
utilised were provided by the Experimental Animals Research
and Implementation Centre of Marmara University. Under stan-
dard conditions, the rats aged 4-5 months were divided into four
experimental groups as follows: The control (C; n=8), Moringa
extract (M; n=8), VPA (n=15), and VPA+M (n=12) group. All
treatments were given orally. Moringa extract and VPA (dis-
solved in normal saline) respectively were given at a dose of
0.3 and 0.5 grams per kg body weight daily for fifteen days.
Overnight fasted animals were sacrificed on day sixteen, then
lens tissues were collected and homogenised in ice-cold normal
saline (at 10% w/v).

Biochemical Analysis

From the homogenates of lens tissue (10% w/v), stan-
dard methods were used to determine glutathione (GSH)
levels,? lipid peroxidation level (LPO) from malondialdehyde
(MDA) concentration,?! the activities of sorbitol dehydroge-
nase (SDH),?? aldose reductase (AR),?® glutathione reductase
(GR),?* superoxide dismutase (SOD),? glutathione peroxidase
(GPx),?¢ and glutathione-S-transferase (GST).?’ The total ox-
idant status (TOS),?® total antioxidant status (TAS),?° concen-
tration of reactive oxygen species (ROS),?° nitric oxide (NO)
levels,’! advanced oxidation protein products (AOPP),3? and
total protein level®* of the homogenate were also quantified.

Statistical Analysis

Analysis of variance (ANOVA) from the data expressed as mean
+ standard errors (SEM) using GraphPad Prism software ver-
sion 6.0 (San Diego, CA, USA). Tukey’s multiple comparisons
test was used to determine significant differences at p<0.05.

The effect of Moringa extract against VPA-induced toxic-
ity on the lens tissues of Sprague Dawley rats was further
identified by principal component analysis (PCA). This was
executed using OriginPro 2022b version 9.95 (Northampton,
Massachusetts, USA).

RESULTS

The effect of Moringa extract on lens GSH, LPO, and AOPP lev-
els of experimental animals is presented in Figure 1. Statistical
analysis revealed a substantial decrease in GSH of the VPA ad-
ministered group when equated to control groups (p<0.0001).
In contrast, levels of LPO, and AOPP were markedly amplified
(p<0.0001 and p<0.01 respectively). Moringa extract mitigated
these defects, keeping GSH, LPO, and AOPP levels of the
VPA+M group to a near normal; the GSH level of the VPA+M
group was above that of the VPA group (p<0.0001), while levels
LPO (p<0.0001) and AOPP (p<0.001) are below that of VPA
group.

GR, GPx, GST, and SOD activities are presented in Figure
2. Compared to the control groups, sole treatment with VPA
caused a significant alteration in GR (p<0.001), GPx (p<0.01),
GST (p<0.001), and SOD (p<0.01) activities. The activity of
these enzymes in the VPA+M group was statistically higher
than those of animals treated with VPA.

The TAS, TOS, ROS, and NO levels of the experimental
animals’ lens tissues are depicted in Figure 3. As observed
from Figure 3, the TAS of the VPA administered group was
below that of the control groups (p<0.05). However, its levels
in the VPA+M group were significantly elevated (p<0.0001).
On the other hand, TOS, ROS, and NO levels of the VPA
group were statistically elevated as compared to the control
groups (p<0.0001). These defects were however curtailed by
concomitantly administering Moringa extract. Thus, resulted
in higher levels of TAS (p<0.0001), as well as lower levels of
TOS, ROS, and NO (p<0.0001) in the VPA+M group as against
the VPA group.

Lens tissue AR and SDH activities are presented in Fig-
ure 4. The activities of both AR and SDH were remarkably
elevated upon administration of VPA (p<0.0001 and p<0.05
respectively). These defects were significantly reversed upon
co-administration of VPA with Moringa extracts (p<0.0001) in
comparison to VPA.

PCA was used to prove the relationship among biochemical
results for each group (Figure 5). PCA analysis revealed that the
first two components detailed around 64.23% of the total vari-
ation in the experimental data (PC1: 64.23%, PC2: 15.59%).
Primarily, in the first component, NO, ROS, AOPP, LPO, TOS,
SDH, and AR were collected together. These collected data
were highly negatively correlated with GSH, GR, GST, GPx,
TAS and, SOD (Figure 5).
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Figure 1. Effect of Moringa extract on lens tissue of experimental animals (a) GSH levels; ¢p<0.0001 vs. control; ?p<0.0001 vs. VPA, (b) LPO levels; “p< 0.0001
vs. control, 2p<0.0001 vs. VPA, (c) AOPP levels; “p< 0.01 vs. control; ?p<0.001 vs. VPA. Values were given as mean and standard error. C: Control group; C+M:
Control+Moringa extract group; VPA: Valproate group; VPA+M: Valproate+Moringa extract group.

Figure 2. Effect of Moringa extract on lens tissue of experimental animals (a) GR activities; “p<0.001 vs. control; 2p<0.0001 vs. VPA, (b) GPx activities; “p<0.01
vs. control, bp<0.0001 vs. VPA, (c) GST activities; “p<0.001 vs. control; bp<0.0001 vs. VPA, (d) SOD activities; “p<0.01 vs. control; bp<0.0001 vs. VPA.
Values were given as mean and standard error. C: Control group; C+M: Control+Moringa extract group; VPA: Valproate group; VPA+M: Valproate+Moringa
extract group.
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Figure 3. Effect of Moringa extract on lens tissue of experimental animals (a) TAS levels; p<0.05 vs. control, p<0.0001 vs. VPA, (b) TOS levels; “p<0.0001 vs.
control; bp<0.0001 vs. VPA; (c) ROS levels; ¢p<0.0001 vs. control; bp<0.0001 vs. VPA; (d) NO levels; “p<0.0001 vs. control; bp<0.0001 vs. VPA. Values were
given as mean and standard error. C: Control group; C+M: Control+Moringa extract group; VPA: Valproate group; VPA+M: Valproate+Moringa extract group.

Figure 4. Effect of Moringa extract on lens tissue of experimental animals (a) AR activities; “p<0.0001 vs. control, b p<0.0001 vs. VPA, (b) SDH activities;
@p<0.05 vs. control; ?p<0.0001 vs. VPA. Values were given as mean and standard error. C: Control group; C+M: Control+Moringa extract group; VPA: Valproate

group; VPA+M: Valproate+Moringa extract group.

DISCUSSION

Amongst the most widely used anti-epileptic drug is VPA and
its corresponding salts. However, this drug has been proven to
cause multiple organ damage and subsequently mortality.>~6-8
Amongst the organs grossly affected is the lens tissue.>*
Findings have shown that VPA exhibits its side effects by
destabilising oxidant/antioxidants balance, triggering inflam-
matory reactions, autoimmune reactions, and lipid peroxidation

among other chain reactions.! Thus, researching and exploiting
molecules as well as food-based substances capable of mitigat-
ing the deteriorative effect of VPA is of paramount significance.

The diverse pharmacological effects of Moringa oleifera
leaves have been proven to be associated with its rich vitamins
and antioxidant components. Extracts of the plant leaves are
shown to have antioxidant activity,' anti-inflammatory,'* and
protective effect on several organs/tissues.'>~!7 Consequently,
prompting the present study, to evaluate the protective effect of
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Figure 5. (a) Principal component analysis (PCA) plot, (b) PCA model of biochemical results for all groups. All biochemical results of lens tissues indicator
plotted as a function of two first components, principal component 1 (PC1: 64.23%) and principal component 2 (PC2: 15.59%), explaining together 79.92% of

information in the obtained dataset.

Moringa extracts against VPA induce lens toxicity in Sprague
Dawley rats.

GSH is a substantial antioxidant molecule that participates
in a both enzymatic and non-enzymatic process that protect tis-
sues against oxidative stress. It is significant for the protection
of proteins, lipids, and important subcellular organelle includ-
ing mitochondria, and its level is usually high in lens tissue.*
The present findings suggest that the administration of 0.5 g/kg
b.w./day VPA for 15 days resulted in a diminished GSH level
in lens tissue. This may be a consequence of the overproduc-
tion of free radicals and exhaustive use of the GSH in the lens
tissue. Furthermore, the levels of LPO and AOPP-key markers
of oxidative stress and contributing risk factors to tissue dam-
age/necrosis were found to significantly increase in the VPA
group. This finding is in agreement with the report of Tong
et al.,’¢ and a clear indication of increased lipid peroxidation
and the oxidation proteins, following the accumulation of ROS
and/or diminished GSH levels. The present outcomes are in
agreement with an earlier report by and Tunali et al.” The con-
current administration of VPA with Moringa extract prevented
the depletion of GSH levels, and as well downregulated the lev-
els of both LPO and AOPP. The ability of Moringa extract to
exhibit a positive effect on GSH, LPO, and AOPP levels is most
likely linked to its antioxidant properties as earlier reported. '3

Antioxidants enzymes including GR, GPx, GST, and SOD
and play a vital role in the antioxidant system. GR is the key
enzyme involved in the reconversion of oxidized glutathione
(GSSG) to reduced glutathione (GSH) via utilising NADPH.
GPx on the other hand is involved in the reduction of hydrogen
peroxide to water, as well as the conversion of lipid peroxides to
their corresponding alcohols. Thus, GPx protects against oxida-
tive stress and cellular membrane damage.3” GST catalyses the
conjugation of GSH with xenobiotics and other potentially re-
active molecules, thereby bringing about their detoxification.?®

SOD is responsible for the detoxification of superoxide into
hydrogen peroxide and oxygen molecules. An alteration in the
activity of any of these enzymes (GR, GPx, GST, and SOD) can
significantly affect the redox state and the antioxidant mecha-
nism. In the present study, the activities GR, GPx, GST, and
SOD in lens tissue were grossly distorted upon administration
of only VPA to experimental rats for 15 days. Previous findings
indicate that VPA is an inhibitor GR, and chronic adminis-
tration of VPA can affect the overall activities of antioxidant
enzymes.” The co-treatment of VPA with Moringa extract re-
sulted in a stabilised, non-distorted levels or higher activities
of this enzyme. This can be primarily attributed to the strong
antioxidant property of the plant extract.

TAS is the measure of the total antioxidants level in a bi-
ological system or sample. High TAS levels usually suggest
higher antioxidant potential. On the contrary, TOS, ROS, and
NO represent the levels of oxidants and oxidants species in a
system. The higher their levels, the more likely a system is prone
to oxidative stress. In the present study, the administration of
VPA resulted in a decline in TAS, as well as a corresponding
increase in TOS, ROS, and NO levels. This is a consequence
of the excessive production of reactive oxygen species and de-
pletion of antioxidant reserves due to VPA metabolism as ear-
lier suggested.! In the VPA+M group, the levels of TAS were
markedly elevated even beyond that of the control group, while
TOS, ROS and NO levels were kept lower than that of the VPA
group. This effect of Moringa extract on VPA administered
animals is probably due to its rich vitamin composition and an-
tioxidant power. This is in line with earlier studies that proved
the ability of antioxidants vitamins to mitigate oxidative stress
and mop up radicals.*®

AR is a key enzyme of the polyol pathway that belongs to
the aldoketo reductase superfamily.*? The activity of AR in-
volves the utilization of NADPH (as reducing equivalents) to
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produce sorbitol from glucose. On the other hand, SDH cataly-
ses the conversion of sorbitol to fructose by reducing NAD* to
NADH.*' Elevated activity of this enzyme will ultimately re-
sult in the depletion of NADPH reserve and increased osmotic
pressure due to the accumulation of sorbitol in lens tissue. Thus,
distorting both GSH levels and the activities of GR, GST, CAT,
and other essential antioxidant enzymes. In general, increased
tissue activity of AR and SDH could distort the overall an-
tioxidant system by depleting NADPH and inducing osmotic
pressure or tissue damage. In the present study, the activities
of both AR and SDH (a marker for cellular injury) of VPA-
administered rats were significantly elevated. This finding is
in agreement with the reports of Tunali et al.” The adminis-
tration of Moringa extract together with VPA counterpoises
these defects via its antioxidant potential and possible enzyme
inhibition effects.

CONCLUSION

The present findings indicate that the co-administration of VPA
with Moringa extract could mitigate the side effect and delete-
rious effects of VPA on the lens tissue of experimental animals.
This is a positive effect of Moringa oleifera leaves is likely
due to its antioxidant properties, rich vitamin composition, and
antioxidant phytochemical.
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ABSTRACT

Objective: The antioxidant-rich artichoke bracts leaves are a particularly waste of the food industry. Thus, it would be possible to
utilize a cheap and natural material, which is industrial waste, instead of synthetic antioxidants. The present study aimed to extract
from the bract leaves of globe artichoke by ultrasound-assisted extraction and to evaluate their antioxidant activities.

Materials and Methods: In this study, the effect of ultrasound-assisted extraction (UAE) on antioxidative properties was studied.
The extracts were obtained from the leaves of the head part of the artichoke by using UAE and evaluated for their antioxidative
properties. For this purpose, antioxidant activity methods were investigated for different extraction times. The results obtained
were compared with standard antioxidants.

Results: The results obtained from this study showed that the shorter extraction time resulted in higher antioxidative properties.
Accordingly, in plant extracts prepared by UAE-1, the highest total phenolic content value (193.80 pg pyrocathecol equivalent/mg
extract), the highest total flavonoid content value (254.13 pg catechin equivalent/mg extract), the highest total chlorophyll content
value (10.68 pg/mL) and carotenoid (0.57 pg/mL) were found. Similarly, UAE-1 extracts showed the best results in terms of
free radical scavenging activity. Also, the 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity of UAE-1 (89.09%) was
determined to be higher than the standard antioxidant a-Tocopherol (85.68%) and very close to another standard antioxidant
butylated hydroxyanisole (91.98%).

Conclusion: UAE could be preferred instead of the traditional method (Soxhlet) as a shorter, eco-friendly, and low energy cost.

Keywords: Antioxidative properties; Ultrasound-assisted extraction; Plant extract; Cynara scolymus L.; Radical scavenging

defense mechanism.®> Flavonoids, polyphenolics, tocopherols,
and ascorbic acid are the most important natural antioxidant
groups. It is known that phenolic compounds have high antiox-
idant activity and their most important sources are found in
plants.

INTRODUCTION

The increasing interest in the replacement of synthetic antioxi-
dants with natural ones has opened the door to much research,
particularly to the study plant sources and new antioxidants

contained in these sources.'-? . . .
In particular, the extraction of phenolic compounds from

agricultural and industrial organic wastes has been one of the
most important issues that many researchers are interested in.
This is because extraction is the main step in isolating and using

Plant extracts are a generous source of bioactive compounds
with medical features.? Reactive oxygen species are produced
continuously during special metabolic events in the organism,
especially various sources such as lipid peroxidation and mi-
tochondrial cytochrome oxidase, or the result of exogenous
sources including ultraviolet light, environmental toxins, and
anticancer drugs.*

biocomponents.

The artichoke (Cynara scolymus L.), which grows in South-
ern Europe and the Mediterranean region and has wild forms in
the countries in this basin, is a 50-150 cm tall herbaceous plant

It is known that antioxidants have the feature of delaying or
preventing bitter and other taste deterioration caused by oxida-
tion when used in foods other than protecting the cell with its

that blooms blue-purple flowers of the daisy-family. Artichoke
contains some phenolic compounds.® The fact that artichoke
is nutritious and beneficial to health is due to certain chemi-
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cal compositions, including these high levels of polyphenolic
compounds and inulin. Previous studies exhibited that the ex-
tracts from artichoke have antioxidant’, antiseptic®, antibiotic,”
and anticarcinogenic!? effects. The antioxidant-rich artichoke
bracts leaves are a particularly waste of the food industry. Thus,
it would be possible to utilize a cheap and natural material,
which is industrial waste, instead of synthetic antioxidants.

Soxhlet extraction, known as the traditional method, has been
frequently used to obtain plant extracts containing bioactive
compounds. However, situations such as taking a long time and
requiring large amounts of toxic and expensive solvents limit the
usability of this method. Environmentally friendly and effec-
tive extraction techniques are required in order to use bioactive
plant extracts in food technology, pharmaceutical, and cosmetic
formulations. In recent years, sustainable new extraction tech-
niques have reduced extraction time, reduced solvent consump-
tion, and improved the quality of extracts obtained. However,
it has been observed in the literature that studies for extrac-
tion of phenolic compounds from various parts of the artichoke
are carried out by traditional methods (Soxhlet or maceration).®
Ultrasound-assisted extraction (UAE) is an important technique
used in the pharmaceutical and food industry.!! Ultrasonic en-
ergy produces many tiny bubbles in the liquid medium and
causes the particles to break off by causing the solids to me-
chanically. The sound waves usually provide effective contact
between the solid and solvent resulting in good recovery of the
analyte. Ultrasonic application mechanically breaks down cell
walls. With the mechanical destruction of the cell wall, intracel-
lular components easily exit the cell and pass into the solvent.!?
Long sonication time may cause degradation of the compounds
for isolation. Therefore, the processing time of UAE necessarily
requires optimization.

The present study aimed to extract from the bract leaves
of globe artichoke by UAE during different extraction times
and to evaluate their antioxidant activities. For these purposes,
different antioxidative properties were studied by optimizing
the extraction time.

MATERIALS AND METHODS
Materials

The bract leaves of the artichoke (Cynara scolymus L.) plant
used as research material in this study were supplied from
the Istanbul local market in April 2018 and were thoroughly
cleaned with distilled water and dried at room temperature for
approximately 7 days in the dark. The leaves were cut into
small pieces before extraction. All material was kept in the
refrigerator at +4 °C until used.
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Reagents and Solvents

All chemicals used in this study are of high-performance liquid
chromatography purity and have been obtained from Merck,
Sigma Aldrich, Fluka, and Riedel-de Haen companies.

Extraction Procedures: Ultrasound-Assisted Extraction

For UAE, 2.5 g of plant samples were taken into the tared glass
beakers and completed with 25 mL of solvent (96% ethanol).
Extraction was performed in the ultrasonic bath (Bandelin Elec-
tronic 320 w 35 kHz) for different extraction times such as 1,
5, 15, or 30 min, respectively. After this process, the extracts
were centrifuged (10,000 rpm for 15 min) (Sigma 3K30). After
extraction, the solvent was removed using a fume hood and ex-
tracts were obtained. The extracts obtained were kept at +4 °C
in the refrigerator.

Determination of Antioxidative Properties

Total phenolic compound content was determined using the
method of Slinkard-Singleton.!® Total flavonoid content was
determined by using a colorimetric method according to
Zhishen et al.'* Proline analysis was performed according to the
simple modification of the method developed by Bates.!> An-
thocyanin content in dried leaves, has been determined by the
modification of the method developed by Padmavati et al.'® For
determination of total chlorophyll and total carotenoid content,
used method of Arnon.!” p-Carotene bleaching method analysis
was carried out according to the method developed by Bruni
et al.!® Ferric reducing test was performed according to the
method of Oyaizu.'® Metal chelating activity was determined
according to the method of Decker and Welch.?° 2,2-diphenyl-
1-picrylhydrazyl (DPPH) radical scavenging ability of the ex-
tracts was determined using the method of Brand-Williams
et al.2! 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) cation radical scavenging ability of the extracts was de-
termined using the method of the Arnao et al.”> N, N-dimethyl-
p-phenylenediamine (DMPD) cation radical scavenging ability
was determined according to the method of Fogliano et al.??
The method of Osawa and Namiki was studied for the measure-
ment of total antioxidant capacity.?*

RESULTS
Amount of Total Phenolic Compounds

The total phenolic content of the extracts prepared by subjecting
the bract leaves of artichokes to different periods in an ultra-
sonic bath was determined. The results are shown in Table 1.
Results are given as pg pyrocatechol equivalent of the phenolic
compounds for each mg extract. The highest total phenolic con-
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tent value was found in UAE-1 extract (193.80 pg pyrocatechol
equivalent/mg extract).

Total Flavonoid Content

The total flavonoid content of the extracts prepared by subject-
ing the bract leaves of artichokes to different periods in an ultra-
sonic bath and using ethanol was given in Table 1. The highest
flavonoid amount value was found in UAE-1 extract (254.13
pg catechin equivalent/mg extract). Total phenolic compound
and flavonoid content results also decreased as the extraction
time increased. As a result of the study, the highest antioxidant
activity is observed in the extract which was applied for 1 min
UAE. Therefore, as a result of the study, it can be concluded that
antioxidant activity decreases as long-term ultrasound-assisted
extraction can lead to the loss of these phytocomponents which
have an antioxidant effect.

Proline Content

The proline content of plants is an indicator of stimulation of
the pentose phosphate pathway. The pentose phosphate path-
way is controlled by the synthesis of cytosolic proline. High
proline content in plants is responsible for high phenolic com-
pounds. For these reasons, proline analysis for edible plants is
regarded as an indicator of their antioxidative properties. The
total proline contents of the samples obtained from the arti-
choke leaves are given in Table 1. Among the proline contents
of different extracts, the highest amount was found in UAE-30
extract (0.83 pg proline/mg extract). Research on the proline
content of plants or food is a newly arising area therefore there
is not much data available to compare the results of this study.

Anthocyanin Content

Anthocyanins are dark-coloured pigments extracted from
plants. The results obtained from our study, the anthocyanin
value of the leaves was 0.065 pmol/g.

Total Chlorophyll and Carotenoid Content

The total chlorophyll and carotenoid contents of the extracts
obtained from the artichoke leaves are given in Table 2. The
chlorophyll and carotene contents of artichoke leaf extract
decreased when the extraction time increased. This situation
could be an indication that long-term ultrasound exposure is
damaging to these compounds. It was observed that the UAE-
1 extract of the plant had the highest total carotenoid con-
tent (0.567 pg/mL), and the highest total chlorophyll content
(10.68pg/mL).

B-Carotene Bleaching Test Results

The results obtained in the p-carotene bleaching method are
given in Table 3. According to the results obtained in this
method; two ethanol extracts UAE-15 (1.03), UAE-30 (1.04)
of the artichoke leaves were higher than the positive control
butylated hydroxyanisole (BHA). It was determined that UAE-
1 (0.92) and UAE-5 (0.99) extracts also showed an effect close
to BHA.

Ferric Reducing Test Results

In this section, in order to investigate the reduction capacity of
the extracts of the bract leaves of artichoke in different con-
centrations prepared with ethanol to reduce Fe** to Fe?* added
to the tubes, the reducing power was tested by comparing it
with standard antioxidants (BHA and a-Tocopherol). Results
are shown in Figure 1. The increase in absorbance values is
directly proportional to the amount of Fe?* in the reaction
medium. In the reducing power assay, the highest reducing
power was exhibited by UAE-15 Ethanol extract (0.692 at 700
nm).

Chelating Activity on Ferrous Ion

Metal chelating activities based on inhibition of Ferrozin-Fe**
complex formation in samples and standards are shown in Fig-
ure 2. UAE-1 (46.48%) showed the highest metal chelating ac-
tivity at high concentrations (200 pg/mL). The metal chelating
power increased as the extraction time decreased in the extracts
created by ultrasound-assisted extraction. On the other hand, in-
creasing the concentration increased the metal chelating power.
When comparing extracts with ethylenediaminetetraacetic acid
(EDTA), which is known to be a strong chelating agent, it
has been observed that EDTA gives higher results compared
to all extracts. In addition, according to results the amount of
flavonoids and metal chelating activity decreases when the time
of ultrasound-assisted extraction increases. Flavonoids, which
are from the phenolic family, show strong metal-chelating prop-
erties compared to other phenolic compounds. Therefore, the
decreasing total flavonoid content also support the results of
the metal chelating activity.

DPPH Scavenging Ability

For the determination of DPPH radical scavenging activity in
Cynara scolymus L. extracts, the extracts were prepared us-
ing UAE. The results obtained from samples and standards
are shown in Figure 3. UAE-1 extract prepared by the one-
min ultrasound-assisted method showed the highest results.
According to the results, UAE-1 extract is very close to the stan-
dard antioxidant BHA (91.98%) with high antioxidant activity,
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Table 1. Total flavonoids, phenolics and, proline amount of artichoke bracts for different extraction times.

Table 2. Total chlorophyll and carotenoid amounts of bract leaves of artichokes (Cynara scolymus L.) for different extraction

times.

Table 3. f—Carotene bleaching effects of bract leaves of artichoke (Cynara scolymus L.) for different extraction times.

while another high antioxidant activity standard, a-Tocopherol
(85.68%), has an equally strong antioxidant activity.

ABTS Radical Scavenging Activity

The results of ABTS radical scavenging activities are shown
in Figure 4. The ethanol extract UAE-5 (75.04%), which was
extracted for 5 min in the studied extracts at a concentration
of 200 pg/mL, exhibited the highest ABTS radical scavenging
activity. Inhibition values increased in all extracts depending on
the concentration. Trolox, a standard with a known antioxidant
effect, showed an activity of 99.5% at all concentrations studied.

DMPD* Scavenging Ability

DMPD radical scavenging activities of all samples and stan-
dards are shown in Figure 5. At high concentrations (200
pg/mL), in the extracts using UAE 1 minute (UAE-1) has the
highest inhibition values (72.02%). DMPD radical scavenging
activity increased as the extraction time was shortened. When
standard antioxidants were examined, the DMPD radical scav-
enging activity of ascorbic acid was found to be 98% (200
pg/mL). The synthetic standard antioxidant BHA showed an
activity of 65.13% (200 pg/mL). Accordingly, when compared
with standard antioxidants, UAE-1 (72.02%) showed higher
activity than BHA.
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Figure 1. Reducing power of ethanol extracts obtained by UAE methods (1, 5, 15, and 30 min). UAE-1:Ultrasound assisted extraction-1 min; UAE-5:Ultrasound
assisted extraction-5 min; UAE-15:Ultrasound assisted extraction-15 min; UAE-30:Ultrasound assisted extraction-30 min; BHA: Butylated hydroxyanisol.

Figure 2. Chelating activities of ethanol extracts obtained by UAE methods (1, 5, 15, and 30 min). UAE-1:Ultrasound assisted extraction-1 min; UAE-5:Ultrasound
assisted extraction-5 min; UAE-15:Ultrasound assisted extraction-15 min; UAE-30:Ultrasound assisted extraction-30 min; EDTA: Ethylenediaminetetraacetic acid

Figure 3. DPPH radical scavenging activities of ethanol extracts obtained by UAE methods (1, 5, 15, and 30 min). UAE-1:Ultrasound assisted extraction-1 min;
UAE-5:Ultrasound assisted extraction-5 min; UAE-15:Ultrasound assisted extraction-15 min; UAE-30:Ultrasound assisted extraction-30 min; BHA: Butylated
hydroxyanisol.
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Figure 4. ABTS radical scavenging activities of ethanol extracts obtained by UAE methods (1, 5, 15, and 30 min). UAE-1:Ultrasound assisted extraction-1 min;
UAE-5:Ultrasound assisted extraction-5 min; UAE-15:Ultrasound assisted extraction-15 min; UAE-30:Ultrasound assisted extraction-30 min.

Figure 5. DMPD radical scavenging activities of ethanol extracts obtained by UAE methods (1, 5, 15, and 30 min). UAE-1:Ultrasound assisted extraction-1 min;
UAE-5:Ultrasound assisted extraction-5 min; UAE-15:Ultrasound assisted extraction-15 min; UAE-30:Ultrasound assisted extraction-30 min; BHA: Butylated
hydroxyanisol.

Figure 6. Antioxidative effect of ethanolic samples obtained by UAE (1, 5, 15, and 30 min) at the end of the first 24 h. UAE-1:Ultrasound assisted extraction-1 min;
UAE-5:Ultrasound assisted extraction-5 min; UAE-15:Ultrasound assisted extraction-15 min; UAE-30:Ultrasound assisted extraction-30 min; BHA: Butylated
hydroxyanisol.
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Total Antioxidant Capacity

The total antioxidant activity was determined according to the
thiocyanate method with slight modifications. Total antioxidant
activity was determined by taking measurements at 24-hour in-
tervals for 3 days. The effects of extracts and standards on
linoleic acid peroxidation are shown in Figure 6. It was ob-
served that UAE-5 (30.3%) extract had the highest activity
at the end of the first 24 h. The antioxidant activity of this
extract is close to the activity of standard antioxidants BHA
(43.35%) and a-Tocopherol (50.42%). At the end of 48 h, the
total antioxidant activity of the extracts started to decrease due
to deterioration in the structure of the extracts over time. Af-
ter 72 h, ultrasound-assisted extracts and standard antioxidants
were no longer active.

DISCUSSION

The antioxidative properties of bract leaves of the artichoke
plant (Cynara scolymus L.) were investigated using UAE in
different antioxidant parameters. According to our results ob-
tained from the study, extracts obtained from the leaves of the
artichoke (Cynara scolymus L.) bract showed a high antiox-
idative effect. From these effects, the ethanol extract exhibited
high reducing power, noteworthy phenolic content, and DPPH
scavenging capability at the same conditions.

The total amount of phenolic compounds was found to be
193.80 pg pyrocatechol equivalent per mg of ethanol extract
after one minute of extraction time. There are no studies con-
ducted with bract leaves of artichoke. However, there are studies
on the leaves of the artichoke plant. For example, Ben Salem
et al.?> extracted the leaves by maceration method using dif-
ferent increasing solvent polarities (such as hexane, butanol,
ethyl acetate, 75% EtOH/H,0, and aqueous. They found the
maximum content of the total phenolic compound by using
ethanol extracts. Their result corresponded to 54.54 mg gal-
lic acid equivalent per g dry weight of extract. Our results are
higher than the work of Ben Salem et al.>> Kollia et al.>® found
the phenolic content of artichoke leaves as 1.45 mg GAE/g DW
by UAE. All these results comply with our studies in terms
of proving the presence of phenolic content in bract leaves of
artichoke.

Stumpf et al.?” prepared extracts from artichoke leaves by us-
ing three different extraction methods. The extracts were com-
pared with their total phenolic compounds and total antioxi-
dant capacities. Extraction according to the European Pharma-
copoeia or UAE gave similar results when compared. How-
ever, the results obtained with hot water extraction are quite
inadequate. This study shows us the importance of the UAE-
method. Stumpf et al.?” prepared artichoke leaf extract with
80% methanol by using UAE. All extracts were directly used
for the determination of total phenolic concentration and an-
tioxidant capacity. This study was showed that total phenolic

content and total antioxidant capacity are closely related to the
extraction method.

Reche et al.”® performed mathematical modeling of UAE

and they studied the kinetics of bioactive compounds obtained
from artichoke by-products. In this study, an evaluation of an
artichoke by-product rich in bioactive compounds by UAE and
ethanol solvent was proposed. The effective diffusion coeffi-
cient exhibited temperature dependence, whereas the external
mass transfer coefficient and the equilibrium extraction yield
depended on both temperature and ultrasound power density.
This study also supports our study.

Lavecchia et al.?® extracted the artichoke residues they pre-
pared using ethanol as a solvent in a thermostated bath at 60°C
and determined the phenolic compounds in the stems and bracts
by obtaining 51.10+0.74 and 24.58+0.57 mg gallic acid equiv-
alent per g extracts, respectively. These values are very low
when compared to our study. Ultrasound-assisted technology
is known to act on plant tissues by the cavitational phenomenon
induced at the solid/liquid interface. This effect facilitates the
release of extractable compounds and enhances mass trans-
port by disrupting the plant cell walls. Pasqualone et al.>® ana-
lyzed the extracts obtained from three artichoke varieties (Opal,
Capriccio, and Catanese) in terms of antioxidant parameters; in
the UAE of samples, the extract showed a total phenolic content
higher than non-ultrasound extraction method. The results were
expressed as mg gallic acid equivalent per kg. Zuorro et al.?!
reported total polyphenol content in bracts (24.14 mg GAE/g)
using a 50:50 ethanol-water mixture as an efficient extraction
method, and solvent-extraction procedure. In our study, UAE-1
extract also exhibited the highest flavonoid amount value with
254.13 ng catechin equivalent per mg of extract. This result
was very high when compared the other similar studies. Ben
Salem et al.?> found that ethanol extract had the highest value
in terms of total flavonoid content (12+0.83 CE/g DW) by
using the maceration method. These studies also determined
the flavonoid content of the artichoke leaves, like our study.
Petropoulos et al.? found very low flavonoid content in the edi-
ble head of artichoke. They studied eight different genotypes of
artichoke heads and determined the highest value as 7.2 mg/g
extract. The chlorophyll and carotenoid contents of our stud-
ied samples were also high. In order to make a comparison of
chlorophyll and carotenoid contents, no studies were found in
the literature with artichoke bracte leaves. Ben Salem et al.?>
measured that the B-carotene bleaching effect of ethanol extract
(70.74%) is the highest inhibition rate and higher than butylated
hydroxytoluene (BHT) (47.94%).

Flavonoids are a main class of polyphenols in plants. They are
known as antioxidants and free radical scavengers. The antioxi-
dant activity of plants has been correlated to the total flavonoid
content. For this reason, in our study, especially free or cation
radical scavenging capacity was found to be very high. DPPH
radical scavenging activity of UAE-1 extract showed similar




activities to the standard antioxidants such as BHA and «-
tocopherol, at all concentrations tested. DMPD cation radical
scavenging ability of the extract was determined higher than
BHA in all the concentrations studied. These results are very
pleasing. In addition, in extraction time optimization studies, it
is seen that an effective extraction takes place in a very short
time such as one minute. Ergezer et al.>> prepared artichoke
bracte leaf extract with 80% ethanol by using the maceration
method. They obtained the DPPH radical scavenging activity
as 79.91 % after the 7th day of storage. The result we found in
our study is that the DPPH radical scavenging activity is 89.09
% for the extract concentration of 200 pg/mL. This result is
higher than a-tocopherol (85.68%). Mena Garcia et al.> re-
ported lower results of DPPH (26.59 +0.62 mg TE/g) using a
mixture of ethanol/water (50:50 v/v) and a microwave-assisted
extraction method from the artichoke. Shallan et al.>* showed
that the antioxidant activity (DPPH) of Globe artichoke bracts
extract in ethanolic solution was 6.42 mg/L. Quispe et al.,*
determined the total phenolic compounds of artichoke bracts
between 10.86 mg and 24.82 mg GAE/g in artichoke extracts
prepared using ultrasound-assisted extraction and ethanol as
solvent. The radical scavenging activity of DPPH was found
between 15.49 mM and 38.65 mM trolox, and the trolox equiv-
alent antioxidant capacity from 12.56 to 32.52 mM trolox, re-
spectively.

To investigate the reducing capacity of Fe3* to Fe?*, the re-
ducing power was tested by comparing the extracts with the
standards. The increase in absorbance values is directly pro-
portional to the amount of Fe?* in the environment. The best
activity among the prepared extracts was UAE-15 (0.692 at 700
nm). The good results obtained from ethanol extracts may sug-
gest that the preparation of artichoke extracts in a moderately
apolar solvent such as ethanol will have a more active effect
in terms of reducing power than solvents with high polarity
or high apolarity. In terms of ultrasound-assisted extraction, it
can be argued that the 1-minute and 5-minute extraction times
are not fully sufficient to reduce Fe3*, while the 15-minute
extraction period provides the necessary optimization for this
reduction event. It can be said that in longer extractions such
as 30 min, the extract may be damaged by sound waves and
cause it to lose its reducing power feature. Ben Salem et al. >
examined the reducing power parameter in artichoke leaf ex-
tracts in their study. For the reducing power test of Cynara
scolymus L., they measured the absorbance at 515 nm in a UV-
VIS spectrophotometer of the ferric reducing antioxidant power
mixture prepared with extracts. expressed the antioxidant ca-
pacity of artichokes as trolox Equivalent. Among all extracts
of artichoke in their work, the ethanol extract demonstrated a
favorable iron-reducing capacity (527.79 pmol Fe?*/mg dry ex-
tract). Thang et al.*® studied and compared different extraction
techniques to extract cynarine and chlorogenic acid (classical
extraction, ultrasound-assisted extraction, enzyme-assisted ex-
traction) from leaves of Cynara scolymus L. In addition, the
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extracts were also studied for antioxidant activities. The antiox-
idant activity of the artichoke extract was tested by the ferric-
reducing antioxidant power method. They found the highest re-
ducing power of ferric iron in pectinase enzyme extracts from
artichoke leaves. The measurement of reducing power of ascor-
bic acid and artichoke extract from dried artichokes treated with
pectinase enzymes was exhibited as 48.0 and 77.8 mg/L, re-
spectively. Artichoke extract hydrolyzed by pectinase enzymes
also had a higher radical scavenging capacity (ICso=30 mg/L)
compared to ascorbic acid (ICsp=11 mg/L). Wioletta Biel et
al.’” reported that the antioxidant capacity of artichoke extract
was measured at 1060.8 pmol trolox/1 g dry matter.

UAE-1 (46.48%) showed the highest metal chelating activ-
ity at high concentrations (200 pg/mL). It was observed that
the percentages of metal chelating activity increased as the ex-
traction time was shortened in the extracts applied ultrasound-
assisted extraction. Flavonoids from the phenolic family show
strong metal chelating properties compared to other phenolic
compounds. Therefore, the decrease in the total flavonoid con-
tent due to the increase in the extraction time also supports
the results of the metal chelating activity. Among the analyzed
extracts, the ethanol extract UAE-5 (75.04%), which was ex-
tracted for 5 min at a concentration of 200 pg/mL, exhibited
the highest ABTS radical scavenging activity. It can be said
that the ultrasonic extraction time, which gives the optimum
value and can be considered ideal is 5 min in terms of the high
value of ABTS radical scavenging activity of artichoke extracts
prepared with ethanol. Kollia et al.?® found ABTS radical scav-
enging activity in artichoke leaves as 1.25 mg TE/g DW by
UAE in their study with artichoke leaves. Ben Salem et al.?
also analyzed the scavenging activity of the artichoke extract
and found that ethanol extract had a high activity. Sihem et
al.! also demonstrated that the extracts of the head leaves ob-
tained by using the maceration method had the highest activity.
It was observed that UAE-5 (30.3%) extract had the highest
total antioxidant activity at the end of the first 24 h. The antiox-
idant activity of this extract is close to the activity of standard
antioxidants BHA (43.35%) and a-tocopherol (50.42%).

It is a very important detail that a waste material can be used
instead of synthetic antioxidants in the food, pharmaceutical,
or cosmetic industry. It is known that the bract leaves of the ar-
tichoke are a waste in local markets and the food industry. The
high flavonoid content and high antioxidant activity of these
leaves can be evaluated. Thus, the natural antioxidant needs
of the food, pharmaceutical, or cosmetic industry can be met.
For example, it may be possible for an inexpensive material
to replace antioxidants with artificial and toxic properties in
the industry by using it for purposes such as preserving prop-
erties, extending shelf life, adding nutritional value, flavoring,
and coloring in foods. It was determined that extracts (UAE-1)
prepared in 1 min in the ultrasound-assisted extraction method
had the highest antioxidative properties in most of the param-
eters studied. Extracts prepared in 30 min (UAE-30) showed
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the lowest inhibition values in most of the parameters studied.
Therefore, it can be argued that the increase in the extraction
time may cause the extract to lose its properties and lead to a
decrease in its antioxidative properties.

CONCLUSION

UAE could be preferred instead of the traditional method as a
shorter, eco-friendly, and low energy cost. For further stud-
ies, it may be recommended to isolate specific compounds
from the extracts and optimize extraction methods, especially
ultrasound-assisted extraction, through experimental design.
Optimization can be achieved by examining the antioxidant
activity in conditions where solvent, pH and temperature pa-
rameters change.
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Potential Therapeutic Effect of Lipoic Acid on Methotrexate-Induced
Oxidative Stress in Rat Heart
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ABSTRACT

Objective: Methotrexate (MTX), an antifolate and antimetabolite, is used in the treatment of cancer and autoimmune diseases,
however, it can cause many adverse events. Lipoic acid (LA) has anticancer and antioxidant activities, and due to these properties,
it is effective in curing the complications of various disorders. The study aims to investigate the potential therapeutic effect of LA
on MTX-induced oxidative stress in the heart tissues of rats.

Materials and Methods: Eighteen Wistar Albino rats were divided equally into 3 groups as follows: Controls, MT group (MTX
was injected with a single dose of 20 mg/kg, i.p.) and MT+LA group (MTX was injected with a single dose of 20 mg/kg, i.p. on
the first day and LA (dissolved in saline, 50 mg/kg/day, i.p,) was injected for 5 days). On the sixth day, rats were sacrificed under
general anesthesia. Total protein, lipid peroxidation (LPO), nitric oxide (NO), sialic acid (SA), and glutathione (GSH) levels, and
also catalase (CAT), superoxide dismutase (SOD) and glutathione-s-transferase (GST) activities were determined in 10% (w/v)
heart homogenates.

Results: MTX administration significantly increased LPO and NO levels, and SOD activity and significantly decreased GSH level
and CAT activity. LA reversed these parameters by decreasing LPO and NO levels and SOD activity, and increasing GSH levels
significantly.

Conclusion: LA has beneficial effects on the impaired oxidant/antioxidant status and is effective in reducing oxidative stress
during MTX administration in the heart tissue of rats.

Keywords: Methotrexate, lipoic acid, oxidative stress, heart, rat

INTRODUCTION result of the formation of reactive oxygen metabolites (ROM)

and a decreased antioxidant defense system due to MTX use.*
Methotrexate (MTX), an antifolate and antimetabolite drug,  gxcegsive production of ROM and other peroxide radicals in-
is used in managing and treating cancer and autoimmune  cieaes oxidative stress in the cell and an imbalance between
diseases.! It was originally designed as an antagonist of the prooxidant and antioxidant defense occurs. Inadequate antioxi-

folate pathway in leukemia treatment, and as a folate reductase ;¢ defense mechanisms cannot protect the cell from oxidative
inhibitor, it has anti-inflammatory, antiproliferative, antipso-

riatic, and immunosuppressive effects. In addition to its im-
munosuppressive effect, MTX fights against neoplastic cells by
blocking cell metabolism diseases.” As with many chemothera-
peutic agents, MTX does not show high selectivity for damaged
cells, so it is known to affect healthy cells as well. MTX can
cause various toxicological effects and biochemical dysfunc-
tions. In addition, various side effects of MTX, such as terato-
genicity, infertility, hepatotoxicity, nephrotoxicity, and neuro-
toxicity have been reported.> Although the exact mechanism
of MTX-induced toxicity is unknown, it is thought that it is a

damage resulting in cell damage.’

One of the alternative treatment methods used to reduce tis-
sue damage during the treatment by chemotherapeutics is the
use of antioxidant substances. Dietary antioxidants can enhance
the deleterious effects of therapy by reducing or preventing
some of the side effects of therapeutic drugs. For this purpose,
many antioxidants have been tried and stated to be effective in
reducing oxidative stress.®” Lipoic acid (LA) is an endogenous
substance found naturally in many common animal and plant
foods. It readily crosses the blood-brain barrier and is accepted
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as a substrate by human cells. LA has anti-cancer and anti-
oxidant activities, and due to these properties, it is effective
in curing the complications of various disorders and has been
used as a dietary supplement ingredient for many years.%*

The study aims to investigate the potential therapeutic effect
of LA on MTX-induced oxidative stress in the heart tissues of
rats.

MATERIALS AND METHODS

The experimental procedures were approved by the Marmara
University Animal Care and Use Committee (Protocol Number:
21.2023mar). Eighteen male Wistar Albino rats (200-250gr, 2
months old) were housed under standard laboratory conditions
and given water ad libitum and standard rat pellets throughout
the study. MTX (50 mg/5 mL) was obtained from Kog¢ak Farma
Ila¢ ve Kimya Sanayi A.S., Turkey, and LA (catalog number:
1077-28-7) was obtained from Sigma-Aldrich Chemical Com-
pany (St. Louis, MO, USA).

Study Group

Rats of the experiment were randomly divided into 3 groups as
follows: Control group (C) (n=6), MTX administered group
(MT) (n=6), and MTX+LA administered group (MT+LA)
(n=6). In the MT group, a single dose of MTX was injected (20
mg/kg, i.p.) on the 1st day and saline was injected (0.1 mL/100
g/day, i.p.) for 5 days. In the MT+LA group, a single dose of
MTX (20 mg/kg, i.p.) was injected on the 1st day, and LA (dis-
solved in saline, 50 mg/kg/day, i.p.) was injected for 5 days. On
the 6th day of the experiment, all rats were sacrificed under gen-
eral anesthesia with sodium pentothal (50mg/kg, i.p.), and heart
tissues were taken immediately for biochemical examination.
Homogenates (10% w/v) were made and kept at -20°C.

Biochemical Parameters

Biochemical parameters; total protein, lipid peroxidation
(LPO), nitric oxide (NO), sialic acid (SA), and glutathione
(GSH) levels, additionally catalase (CAT), superoxide dismu-
tase (SOD) and glutathione-s-transferase (GST) activities were
done in heart homogenates of rats.

Total protein levels of the heart tissues were measured by
the method of Lowry et al.!” and used to express the results
of the parameters per protein. LPO level was measured by
the method of Yagi'! and the results were presented as nmol
MDA/mg protein. The method of Miranda et al.'? was used to
detect NO levels and the results were expressed as nmol/mg
protein. SA levels were determined by the method of Warren'?
and the results were presented as mg/g protein. The method of
Beutler'* was used to determine GSH levels and results were
expressed in mg/g protein. CAT activity of the heart tissues
was evaluated by the method of Aebi'® and the results were

Oktay and Caliskan, Therapeutic Effect of Lipoic Acid on Oxidative Stress

presented as U/mg protein. SOD activities of the heart tissues
were determined by the method which is based on its ability
to increase the effect of riboflavin-sensitized photooxidation of
o-dianisidine'® and the results were expressed in U/g protein.
GST activity was evaluated by the method of Habig!” and the
results were expressed as U/g protein.

Statistical Analysis

All data was analyzed by using the program GraphPad Prism
9 (GraphPad Software, San Diego, USA). Shapiro-Wilk test
was used to confirm the normal distribution of the data, and
the one-way analysis of variance (ANOVA) test and Tukey’s
multiple comparison tests were applied. Data is presented as
meanzstandard deviation and a value of p<0.05 indicates that
there is a significant difference.

RESULTS
Oxidation Parameters

Heart LPO, NO and SA levels of the groups are shown in Figure
1. LPO and NO levels of the MT group significantly increased
compared with the controls, and significantly decreased com-
pared with the MT+LA group (p<0.01, p<0.05, p<0.05, p<0.05,
respectively). Besides, heart SA level in the MT group increased
compared with the C group, and decreased compared with the
MT+LA group, but the results were insignificant.

Antioxidant Parameters

Heart GSH level and CAT, SOD, and GST activities of the
groups are shown in Figure 2. In the MT group, a signifi-
cant decrease in GSH level and CAT activity were found com-
pared with the controls (p<0.01, p<0.05), and GSH level signif-
icantly increased compared with the MT+LA group (p<0.05).
Besides, a slight increase was noticed in the CAT activity of
the MT+LA group compared with the MT group, but the result
was insignificant. Heart SOD activity significantly increased
in the MT group compared with the C group, and signifi-
cantly decreased compared with the MT+LA group (p<0.01,
p<0.05). Neither MTX administration nor MTX+LA adminis-
tration changed GST activity in the heart tissue of the rats.

DISCUSSION

MTX is one of the most used antifolate and antimetabolite
drug.!'81% However, many adverse events occur due to the
use of MTX during treatment. These side effects are gener-
ally dose-dependent or related to the usage period.?’ Although
the mechanism has not been fully clarified yet, previous stud-
ies have put forward excessive ROM production during MTX
therapy, and this condition is one of the major causes of MTX-
induced side effects.?!*>> MTX inhibits the NAD*-dependent
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Figure 1. Levels of LPO, NO, and SA in heart tissue. Values are given as mean+standard deviation, C: Control group; MT: Methotrexate given group; MT+LA:
Methotrexate and Lipoic acid given group; LPO: lipid peroxidation; MDA: malondialdehite; NO: nitric oxide; SA: sialic acid. *p<0.05, **p<0.01 significantly
different from group C; “p<0.05 significantly different from group MT.
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Figure 2. Level of GSH, activities of CAT, SOD, and GST in heart tissue. Values are given as meanzstandard deviation, C: Control group; MT: Methotrexate
given group; MT+LA: Methotrexate and Lipoic acid given group; GSH: glutathione; CAT: catalase; SOD: superoxide dismutase; GST: glutathione-S-transferase.

*p<0.05, **p<0.01 significantly different from group C; “p<0.05 significantly different from group MT.

mitochondrial enzymes, impairs the defense system, and thus  tissue damage, and LPO level significantly increased in the
it causes the cells to be unable to resist free radicals. Besides, ~ MT group, by previous data.?*?> The increase in ROM may
MTX depletes protective antioxidant defense molecules and  have overpowered the antioxidant system and damaged the cell,
inhibits the activities of free radical scavengers.?? which could have been detected as an increase in the LPO level.

Excessive ROM production and increased LPO levels due NO_IS amolecular mediator of V'arl(.)us pathf)loglcal aI_ld physio-
logical processes, such as vasodilation and inflammation. Over-

to radical formation induce cellular injury by damaging the i . o .
production of NO in the presence of oxidative stress contributes

cell membrane. Based on the previous knowledge, 20 mg/kg . d by i . ith id d formi
of MTX was used in the present study to induce MTX-related to tissue damage by Interacting with superoxide and forming




peroxynitrite, a potent cytotoxic agent.”> As in elevated LPO
level, NO level also increased significantly in the MTX-given
group than those of the controls. Other studies also support our
findings.?®?” The increase both in LPO and NO levels of the
MT group shows that MTX triggers oxidative stress, exposing
cells to radicals and making them prone to cellular damage. SA
is one of the terminal sugars in many glycoconjugates and is
present in all biological membranes. It has a crucial role in cell
protection by increasing in pathological situations. Also, SA is
a stable marker of inflammation with less intra-individual vari-
ability, and therefore, it can more accurately represent inflam-
matory status.”® In the present study, MTX injection elevated
SA levels but the result was insignificant, which may be caused
by the heart tissue’s self-protection against radical damage me-
diated by MTX administration. The explanation of oxidative
stress-induced damage in heart cells may be a reason for the
imbalance between antioxidants and oxidants. There may be a
loss or insufficiency of antioxidant defense. Depletion of an-
tioxidant enzymes and defense mechanisms in the cell causes
mitochondrial dysfunction and induction of endoplasmic retic-
ulum stress due to increased ROM production.

GSH is an important antioxidant due to its involvement in
cellular metabolism and reducing properties. In previous stud-
ies, MTX-mediated oxidative stress was pointed out as a factor
for the depletion of GSH in rats.>>?° MTX inhibits the ac-
tivity of malic enzymes and causes a decrease in NADPH.
As a result, the activity of GR decreases, which is involved
in GSH metabolism and uses NADPH as a cofactor, thus re-
ducing the conversion of GSSG to GSH.* In parallel with
this information, significantly decreased GSH levels were ob-
served in MTX-injected group, which means MTX may cause
a depletion in GSH reservoirs. SOD is an intracellular antioxi-
dant enzyme. It reduces superoxide anion to hydrogen peroxide
and protects tissues against reactive metabolites. It is a major
defense system against the toxic effects of oxygen radicals.’!
In the present study, MTX injection elevated SOD activity in
heart tissues. The result may be a sign that the cell continues
to protect itself, since a single dose of MTX injection was not
sufficient to deplete the SOD enzyme and the cell may tolerate
the dose. CAT and GST enzymes also have antioxidant prop-
erties in detoxifying hydrogen peroxide to water. According to
previous studies, MTX-induced toxicity decreases the level of
antioxidant enzymes in the tissues.3> MTX injection to the rats
caused a significant decrease in CAT activity and a slight de-
crease in GST activity in heart tissue which may be the result
of the depletion of these enzymes or loss of their activity by
MTX injection.

There have been several studies regarding the use of antiox-
idant supplementation to reduce MTX-induced toxicity and
its effect on MTX efficacy in diseases.’> LA is an effective
molecule that has a high antioxidant capacity. Both oxidized
and reduced forms of LA have antioxidant effects by eliminat-
ing and/or reducing reactive metabolites. The disulfide bond of

Oktay and Caliskan, Therapeutic Effect of Lipoic Acid on Oxidative Stress

LA reacts with radicals, eliminates radicals that trigger LPO,
and then inhibits the initiation and progression of LPO in-
duced by hydrogen peroxide radicals.>* It has been shown in
many studies that LA fights oxidative stress by scavenging free
radicals.®-34 In addition to its role in scavenging and eliminat-
ing the metabolites of ROM, LA also aids in the formation of
other cellular antioxidants, such as vitamins C and E.3° Given
these features of LA, it is useful in reducing cellular MDA and
NO dose-dependently.

In the present study, LA administration reduced LPO and
NO levels significantly in the MT group, and slightly decreased
SA level. Besides, LA increased the level of GSH, which de-
creased with MTX administration. LA supports the insufficient
level of GSH as a result of excessive oxidant formation by re-
ducing cellular damage. Also, the LA administration decreased
SOD activity in the MT group. With the reduction of ROM
production, the superoxide anion may also have decreased in
the medium and the SOD activity may have reversed to the
control level. Although LA did not change CAT and GST ac-
tivities significantly, a slight increase was observed in these
parameters, which may be the effect of LA on supporting the
antioxidant defense system and reversing the damage in the cell
by changing the antioxidant levels.

CONCLUSION

LA has beneficial effects on the impaired oxidant/antioxidant
status and is effective in reducing oxidative stress during MTX
administration in the heart tissue of rats.

Ethics Committee Approval: The experimental procedures
were approved by the Marmara University Animal Care and
Use Committee (Protocol Number: 21.2023mar).

Peer Review: Externally peer-reviewed.

Author Contributions: Conception/Design of Study- S.O.;
Data Acquisition- S.O.; Data Analysis/Interpretation- S.O.,
S.C.; Drafting Manuscript- S.O.; Critical Revision of
Manuscript- S.O.; Final Approval and Accountability- S.O.,
S.C.

Conflict of Interest: Authors declared no conflict of interest.

Financial Disclosure: Authors declared no financial support.

ORCID IDs of the authors

Sehkar Oktay
Sukriye Caliskan

0000-0002-2878-288X
0000-0002-7576-4967

REFERENCES

1. Friedman B, Cronstein B. Methotrexate mechanism in treatment
of rheumatoid arthritis. Jt Bone Spine. 2019;86(3):301-307.



https://orcid.org/0000-0002-2878-288X
https://orcid.org/0000-0002-7576-4967

European Journal of Biology

2.
3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Sentiirk N. Metotreksat. Turkderm. 2016;50(1):18-21.

Ahmed ZSO, Hussein S, Ghandour RA, Azouz AA., El-
Sakhawy MA. Evaluation of the effect of methotrexate on
the hippocampus, cerebellum, liver, and kidneys of adult male
albino rat: Histopathological, immunohistochemical and bio-
chemical studies. Acta Histochem. 2021; 123(2):151682. doi:
10.1016/j.acthis.2021.151682

. Yuksel Y, Yuksel R, Yagmurca M, et al. Effects of quercetin on

methotrexate-induced nephrotoxicity in rats. Hum Exp Toxicol.
2017;36(1):51-61.

. Pisoschi AM, Pop A, lordache F, Stanca L, Predoi G, Serban

Al Oxidative stress mitigation by antioxidants-an overview on
their chemistry and influences on health status. Eur J Med Chem.
2021;209:112891. doi: 10.1016/j.ejmech.2020.112891

. Puig L. Methotrexate: New therapeutic approaches. Actas

Dermosifiliogr. 2014;105(6):583-589.

. Zwolak 1. Protective effects of dietary antioxidants against

vanadium-induced toxicity: A review. Oxid Med Cell Longev.
2020;1-14. doi:10.1155/2020/1490316

. Billgren ES, Cicchillo RM, Nesbitt NM, Booker SJ. Lipoic acid

biosynthesis and enzymology. Chem Biol. 2010;7:181-212.

. Fayez AM, Zakaria S, Moustafa D. Alpha lipoic acid exerts an-

tioxidant effect via Nrf2/HO-1 pathway activation and suppresses
hepatic stellate cells activation induced by methotrexate in rats.
Biomed Pharmacother. 2018;105:428-433.

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein
measurement with the Folin phenol reagent. J Biol Chem.
1951;193:265-275.

Yagi K. Assay for blood plasma or serum. Methods Enzymol.
1984;105:328-337.

Miranda K, Espey MG, Wink DA. A rapid, simple spectropho-
tometric method for simultaneous detection of nitrate and nitrite.
Nitric Oxide. 2001;5:62-71.

Warren L. The thiobarbituric acid assay of sialic acids. J Biol
Chem. 1959;234:1971-1975.

Beutler E. Gluthatione: Red cell metabolism. A manual
bio—chemical methods. New York: Grune and Stratton; 1975.

Aebi H. Catalase in vitro. In: Methods of enzymatic analysis
Bergmeye HU, editor. Wenheim: Verlag Chemie; 1974.

Mylorie AA, Collins H, Umbles C, Kyle J. Erythrocyte SOD
activity and other parameters of copper status in rats ingesting
lead acetate. Toxicol Appl Pharmacol. 1986; 82:512-520.

Habig WH, Jacoby WB. Assays for differentation of glutathi—one-
s-transferases. Methods Enzymol. 1981; 77:398-405.

Saibeni S, Bollani S, Losco A, et al. The use of methotrexate for
treatment of inflammatory bowel disease in clinical practice. Dig
Liver Dis. 2012;44(2):123-127.

Deo M, Yung A, Hill S, Rademaker M. Methotrexate for treatment
of atopic dermatitis in children and adolescents. Int J Dermatol.
2014;53(8):1037-1041.

20. Shen S, Yap LM, Prince HM, McCormack CJ. The use
of methotrexate in dermatology: A review. Aust J Dermatol.
2012;53(1):1-18.

Mahmoud AM, Hozayen WG, Ramadan SM. Berberine amelio-
rates methotrexate-induced liver injury by activating Nrf2/HO-1

pathway and PPARy, and suppressing oxidative stress and apop-
tosis in rats. Biomed Pharmacother. 2017; 94: 280-291.

Malayeri A, Badparva R, Mombeini MA, Khorsandi L, Goudarzi
M. Naringenin: A potential natural remedy against methotrexate-
induced hepatotoxicity in rats. Drug Chem Toxicol. 2020;28:1-8.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Mehrzadi S, Safa M, Kamrava SK, Darabi R, Hayat P, Mote-
valian M. Protective mechanisms of melatonin against hydrogen-
peroxide-induced toxicity in human bone-marrow-derived mes-
enchymal stem cells. Can J Physiol Pharmacol. 2017;95:773-
786.

Uzar E, Koyuncuoglu HR, Uz E, et al. The activities of antiox-
idant enzymes and the level of malondialdehyde in cerebellum
of rats subjected to methotrexate: protective effect of caffeic acid
phenethyl ester. Mol Cell Biochem. 2006;291:63-68.

Kalantar M, Kalantari H, Goudarzi M, et al. Crocin ameliorates
methotrexate-induced liver injury via inhibition of oxidative stress
and inflammation in rats. Pharmacol Rep. 2019;71(4):746-752.

Khatab LA, Abdel-Raheem IT, Ghoneim Al. Protective effects
of melatonin and L-carnitine against methotrexate-induced tox-
icity in isolated rat hepatocytes. Naunyn-Schmiedebergs Arch
Pharmacol. 2022;395:87-97.

Owumi SE, Ajijola 1J, Agbeti OM. Hepatorenal protective effects
of protocatechuic acid in rats administered with anticancer drug
methotrexate. Hum Exp Toxicol. 2019;38(11):1254-1265.

Rajappa M, Shanmugam R, Munisamy M, et al. Effect of antip-
soriatic therapy on oxidative stress index and sialic acid levels in
patients with psoriasis. Int J Dermatol. 2016;55(8):422-430.

Vardi N, Parlakpinar H, Cetin A, Erdogan A, Cetin Ozturk I.
Protective effect of 5 carotene on methotrexate—induced oxidative
liver damage. Toxicol Pathol. 2010;38:592-597.

El-Sheikh AA, Morsy MA, Abdalla AM, Hamouda AH, Al-
haider IA. Mechanisms of thymoquinone hepatorenal protec-
tion in methotrexate-induced toxicity in rats. Mediators Inflamm.
2015; 859383. doi:10.1155/2015/859383

Deluao JC, Winstanley Y, Robker RL, Pacella-Ince L, Gonzalez
MB, McPherson NO. oxidative stress and reproductive function:
Reactive oxygen species in the mammalian pre-implantation em-
bryo. Reprod. 2022;164(6):95-108.

Quirés Y, Blanco-Gozalo V, Sanchez-Gallego JI, et al.
Cardiotrophin-1 therapy prevents gentamicin-induced nephrotox-
icity in rats. Pharmacol Res. 2016;107:137-146.

Dhanesha M, Singh K, Bhori M, Marar T. Impact of antioxi-
dant supplementation on toxicity of methotrexate: An in vitro
study on erythrocytes using vitamin E. Asian J Pharm Clin Res.
2015:8(3):339-343.

Selvakumar E, Prahalathan C, Mythili Y, Varalakshmi
P.Beneficial effects of DL-a-lipoic acid on cyclophosphamide-
induced oxidative stress in mitochondrial fractions of rat testis.
Chem Biol Interact. 2005;152(1):59-66.

Armagan I, Bayram D, Candan IA, et al. Effects of pentoxifylline
and alpha lipoic acid on methotrexate-induced damage in liver
and kidney of rats. Environ Toxicol Pharmacol. 2015;39(3):1122-
1131.

How cite this article
Oktay S, Caliskan S. Potential Therapeutic Effect of
Lipoic Acid on Methotrexate-Induced Oxidative Stress

in

Rat Heart. Eur J Biol 2023; 82(2): 306-310.

DOI:10.26650/Eur]JBiol.2023.1306497




European Journal of Biology
Eur J Biol 2023; 82 (2): 311-316
DOI: 10.26650/EurJBiol.2023.1340790

RESEARCH ARTICLE

Antioxidant and Anti-inflammatory Activity of Five Centaurea Species
Ali Sen!
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ABSTRACT

Objective: In this study, we examined the anti-inflammatory and antioxidant (ABTS radical scavenging) activity of methanol
extracts of aerial parts (except capitula) and capitula of Centaurea cuneifolia, C. iberica, C. kilaea, C. solstitialis subsp. solstitialis
and C. stenolepis for the first time comparatively.

Materials and Methods: The antioxidant and anti-inflammatory activity, expressed as ICs, values, were determined by 2, 2’-
Azino-Bis-3-Ethylbenzothiazoline-6-Sulfonic asit (ABTS) and 5-lipoxygenase methods. The total phenolic content, expressed as
gallic acid equivalents, was estimated by Folin-Ciocalteu method.

Results: Methanol extract of capitula of C. solstitialis subsp. solstitialis (CSSC) with an ICs, value of 8.74 pg/mL showed
antioxidant activity as strong as standard acarbose (4.41 ng/mL) against ABTS radicals. The ICs, values of ABTS radical
scavenging activities of other extracts varied between 24.42 and 88.95 pg/mL. CSSC with an ICs, value of 122.10 pg/mL
displayed moderate inhibitory activity against 5-lipoxygenase enzyme. The ICs( values of the antilipoxygenase activities of the
other extracts were found to vary between 122.10 and 781.30 pg/mL. Also, the highest amount of total phenolic compounds was
found in the CSSC (83.41 mg/g), while the lowest was found in methanol extract of aerial parts of C. solstitialis subsp. solstitialis
(35.20 mg/g).

Conclusion: These results clearly indicate that CSSC has significant antioxidant and anti-inflammatory activity. As far as is
known, this paper is the first comparative study on ABTS radical scavenging and lipoxygenase inhibitory activity of five different
Centaurea species. It is also the first study on the antilipoxygenase activity of C. iberica and C. solstitialis subsp. solstitialis.

Keywords: Centaurea species, antioxidant activity, anti-inflammatory activity, total phenolic content

INTRODUCTION causing inflammatory diseases such as gastritis, cancer, aller-
gies, rtheumatoid arthritis, and multiple sclerosis.’ Medicinal
plants have been used in traditional folk medicine for years
as anti-inflammatory and antioxidant agents against diseases
caused by oxidative stress and/or inflammation.® It is therefore
important to conduct research on medicinal plants and their
secondary metabolites.

Oxidative stress, an imbalance between reactive oxygen species
(ROS) production, acts as significant signaling molecules in the
physiological processes, and the antioxidant defenses that pro-
tect cells is associated with the development of a number of
diseases, including pulmonary hypertension, asthma, cancer,
heart disease, autoimmune, metabolic diseases, and others.!
Antioxidants, known as free radical scavengers, play an impor-
tant role in preventing cell damage by inhibiting the free rad-
ical chain reaction under different physiological conditions.?

The genus Centaurea belonging to the family Asteraceae is
represented by 159 species and 194 taxa and 110 of these are
endemic.’ These species are used in traditional medicine for the

Many antioxidant compounds obtained from plants are identi- treatment of vaginal yeast infections, menstrual disorders, ul-

fied as free radical inhibitors, reducing agents, or active oxygen Cer,.hver a'nd kldne.:y dlsease.s, as YVCH as. for arlltl-d'larrh'ea, stom-
scavengers.3 achic, tonic, appetizer, antidiabetic, antipyretic, diuretic and ex-

pectorant treatment.® Phytochemical studies on the Centaurea
species reported that they are rich in sesquiterpene lactones and
flavonoids. In addition, it is suggested that these species have
other effects such as antimicrobial, antipyretic, antiviral, an-
timalarial, antiphytoviral, antiulcerogenic, anti-inflammatory,
cytotoxic, hypoglycemic, neurotoxic and vasodilator effects.’ 10

Recent substantial evidence suggests that oxidative stress
plays a key role in various aspects of acute and chronic
inflammation.* Inflammation is known as the body’s defense
mechanism against pathogens and toxic stimuli. An abnor-
mal immune system leads to a chronic immune response,
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This study aimed to comparatively investigate the anti-
inflammatory and antioxidant activity of methanol ex-
tracts of aerial parts (except capitula) and capitula of
Centaurea cuneifolia Sm., C. iberica Trev. ex Sprengel, C.
kilaea Boiss., C. solstitialis L. subsp. solstitialis L. and C.
stenolepis A. Kern. [syn. C. phrygia subsp. stenolepis (Kerner)
Gugler] together with their total phenolic contents.

MATERIALS AND METHODS
Plant Material

Aerial parts of Centaurea cuneifolia, C. iberica, C. kilaea, C.
solstitialis subsp. solstitialis and C. stenolepis were gathered
from different districts of Istanbul, Turkiye in 2009 and identi-
fied by Dr. Gizem Bulut, a botanist of the Faculty of Pharmacy,
University of Marmara. Voucher specimens were deposited in
the Herbarium of the Faculty of Pharmacy, Marmara University
(MARE No: 11651, 11712, 11690, 11966 and 11965, respec-
tively).

Extraction

Extracts of the Centaurea species were obtained from a pre-
vious study.® Aerial parts of five Centaurea species were sep-
arated from the capitula. Next, the aerial parts (except capit-
ula) and capitula of Centaurea species were dried and ground,
about 15 g each, and macerated with MeOH three times (24
hx180mL). All extracts were filtered and dried in a vacuum.
The aerial parts (except capitula) and capitula of Centaurea
cuneifolia, C. iberica, C. kilaea, C. solstitialis subsp. solstitialis
and C. stenolepis were then coded as CCC, CCA, CIC, CIA,
CKC, CKA, CSSC, CSSA, CSC, CSA. Extraction yields were
found to be 12.693%, 10.603%, 10.750%, 12.439%, 11.331%,
12.916%, 10.901%, 8.139%, 13.224% and 13.542%, respec-
tively. All extracts were stored at 4°C for further analysis.

2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid
(ABTS) Radical Scavenging Activity

The ABTS radical scavenging capacity was tested as described
by Zou et al.!' The ABTS**radical cation used for the deter-
mination of total antioxidant capacity was obtained by mixing
7 mM ABTS (in H,O) with 2.45 mM potassium persulfate (in
H,0) and then kept in the dark for 12-16 h at room temperature.
The ABTS** solution was diluted with 96% ethanol solvent of
analytical purity to give an absorbance value of 0.700+0.050
at 734 nm. Ten pL of each of the solutions was prepared at
five different concentrations of the extracts (250-3.91 pg/mL)
were transferred to microplate wells and 190 pL of the ABTS**
solution was added. The mixture was kept at room temperature
for 30 min and the absorbance at 734 nm was read immediately
afterwards. Trolox (250-0.49 pg/mL), an antioxidant molecule,
was used as the standard and the results were expressed as an
ICSO value.

In Vitro Anti-Inflammatory Activity

The anti-inflammatory activity was tested according to the re-
ported procedure.'?!3 Ten pL of each of the samples (extract
and standard) were prepared at five different concentrations
(250-0.49 pg/mL) and transferred to quartz microplate wells
and 20 nL ethanol, 25 pL borate buffer (0.1 M, pH 9) and 25
pL type V soybean lipoxygenase solution (pH 9, 20.000 U/mL)
in a buffer were added. The mixture was incubated at 25°C
for 5 min, then 100 pL of 0.6 mM linoleic acid solution was
added, mixed thoroughly, and absorbance changes at 234 nm
were recorded for 6 min. Indomethacin (250 - 0.49 pg/mL) was
used as a reference standard and the results were expressed as
an ICs value.

Determination of Total Phenolic Contents (TPC)

The total phenolic content was determined according to the
reported procedure.!4 Ten jL of the solutions prepared from
each of the extracts at various concentrations (151.52 — 2.37
pg/mL) were put on microplates and 20 pL of Folin-Ciocalteau
solution, 200 pL of ultrapure water and 100 uL of 15% Na,SO,
were added. The absorbance of the solutions after 2 h of incuba-
tion at room temperature was read at 765 nm in a spectropho-
tometer. For the standard curve plot, gallic acid (500-0.977
pg/mL) was used as the standard and absorbances correspond-
ing to each concentration were measured at 765 nm. The total
phenolic compound amounts of the extracts were calculated
from this standard curve plot and the results expressed as mg
gallic acid equivalent per gram extract (mg GAE/g plant ex-
tract).

Statistical Analysis

All analyses were conducted in triplicate, and the data pre-
sented as meanzstandard deviation (SD). The data was ana-
lyzed by ANOVA followed by the Tukey’s multiple comparison
tests using the GraphPad Prism 5. Significance was defined at
p<0.05.

RESULTS

The CSSC showed the highest antioxidant activity with an ICs
value of 8.74 pg/mL, while CSA showed the lowest antioxidant
activity with an ICs, value of 88.95 png/mL in the ABTS as-
say. CSSC demonstrated significant ABTS radical scavenging
activity as compared to standard trolox having an ICsy=4.41
pg/mL (Table 1 ). From another perspective, CSSC showed
a significant effect in inhibiting ABTS radical, reaching up
to 78.95% at a concentration of 31.25 pg/mL. However, CIA
showed the lowest inhibition against the ABTS radical with a
value of 48.64% at a concentration of 31.25 pg/mL (Figure 1).

In the 5-lipoxygenase inhibitory activity experiment, CSSC
exhibited the highest anti-lipoxygenase activity with an ICs




Figure 1. Percentage of Inhibition (%) of ABTS radical by various extracts. The
aerial parts except capitula and capitula of Centaurea cuneifolia, C. iberica, C.
kilaea, C. solstitialis subsp. solstitialis and C. stenolepis coded as CCC, CCA,
CIC, CIA, CKC, CKA, CSSC, CSSA, CSC, CSA. The bars represent mean +
standard deviation of triple repetitive analysis. Different and same letters on
the error bars indicate statistical significance (p<0.05) and non-significance
(p>0.05), respectively.

value of 122.10 pg/mL, while CKA exhibited the lowest an-
tioxidant activity with an ICs, value of 781.30 pg/mL. CSSC
presented moderate anti-inflammatory activity when compared
to the standard indomethacine (23.11 ng/mL) (Table 1). When
CSSC was compared against the 5-lipoxygenase enzyme, it
displayed a 96.47% inhibition at concentration of 250 pg/mL.
However, CKA showed the lowest inhibition against the lipoxy-
genase enzyme with a value of 21.64% at concentrations of 250
pg/mL (Figure 2).

Figure 2. Percentage Inhibition (%) of lipoxygenase enzyme activi-
ties of various extracts. The aerial parts except capitula and capitula
of Centaurea cuneifolia, C. iberica, C. kilaea, C. solstitialis subsp. solstitialis
and C. stenolepis coded as CCC, CCA, CIC, CIA, CKC, CKA, CSSC, CSSA,
CSC, CSA. The bars represent mean + standard deviation of triple repetitive
analysis. Different and same letters on the error bars indicate statistical signif-
icance (p<0.05) and non-significance (p>0.05), respectively.

The TPC values were obtained from the calibration curve y=
0.127x + 0.075 with R2= 0.998. Among all the tested extracts,
the highest amounts of total phenolic were found in the CSSC
(83.41 mg/g). The total phenol contents of other extracts ranged
between 35.20 and 79.23 mg GAE per gram extract (Table 1,
Figure 3).

Sen, Biological Activity of Five Centaurea Species

Figure 3. Total phenolic contents of various extracts. The aerial parts except ca-
pitula and capitula of Centaurea cuneifolia, C. iberica, C. kilaea, C. solstitialis
subsp. solstitialis and C. stenolepis coded as CCC, CCA, CIC, CIA, CKC,
CKA, CSSC, CSSA, CSC, CSA. The bars represent mean + standard deviation
of triple repetitive analysis. Different and same letters on the error bars indicate
statistical significance (p<0.05) and non-significance (p>0.05), respectively.

DISCUSSION

Oxidative stress and inflammation play an important role
in aging and the emergence of chronic diseases.!> Medici-
nal plants with antioxidant and anti-inflammatory activity are
used in traditional folk medicine for the treatment of chronic
disorders caused by oxidative stress and inflammation. 618
The antioxidant and anti-inflammatory activity of methanol
extracts of aerial parts (except capitula) and capitula of
Centaurea cuneifolia, C. iberica, C. kilaea, C. solstitialis subsp.
solstitialis and C. stenolepis along with their total phenolic
amounts were investigated in the current study.

Among methanol extracts of Centaurea species, the CSSC
(ICsq value: 8.74 pg/mL) had the highest antioxidant activity,
followed by CCC (24.42 pg/mL), CKC (25.79 pg/mL), CKA
(38.74 pg/mL), CIC (48.20 pg/mL), CCA (48.66 pg/mL), CIA
(76.19 pg/mL), CSSA (85.68 pg/mL), CSC (85.74 pg/mL) and
CSA (88.95 pg/mL) against the ABTS radical. Necip and col-
leagues reported that the methanol extract obtained from aerial
parts of C. solstitialis inhibited the ABTS radical by 21%, 46%
and 94% at concentrations of 50, 100 and 250 pg/mL." In
our current study, the activity of this species was much better
(78.95% inhibition at a concentration of 31.25 pg/mL) than
Necip et al. study.!® This could be due to the difference in the
time and place of collection and the part of the plant extracted.
In another study, it was reported that C. kilaea (147.2 pg/mL),
C. cuneifolia (119.5 pg/mL), C. stenolepis (129.9 and 146.4
pg/mL) aerial parts chloroform extracts have antioxidant ac-
tivity against the ABTS radical.?’ Unlike this study, extracts
were obtained from the Centaurea species using a different sol-
vent (we used methanol) and it revealed that methanol extracts
exhibited better antioxidant activity than chloroform extracts.

When comparing the antilipoxygenase activities of the
Centaurea species, it was observed that the CSSC (IC50 value:
122.10 pg/mL) had the best lipoxygenase inhibitory activity,
followed by CIC (169.20 pg/mL), CCC (180.20 pg/mL), CKC
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Table 1. Anti-inflammatory/antioxidant activities and total phenolic contents of Centaurea extracts.

(184.40 pg/mL), CSC (191.00 pg/mL), CSA (209.20 pg/mL),
CSSA (233.50 pg/mL), CCA (440.50 pg/mL), CIA (513.80
pg/mL) and CKA (781.30 pg/mL) against the 5-lipoxygenase
enzyme. There has been no study on the antilipoxygenase activ-
ity of methanol extracts of these species until the present study.
However, chloroform extracts for two species were studied.
Sekerler et al. demonstrated that the C. kilaea (110.0 pg/mL),
C. cuneifolia (129.4 ng/mL), C. stenolepis (138.5 and 154.4
pg/mL) aerial parts chloroform extracts had anti-inflammatory
activities against the 5-lipoxygenase enzyme.?® Unlike the cur-
rent study, extracts were obtained using a solvent with lower
polarity (chloroform) and it revealed that these extracts (except
CSSC) had better anti-inflammatory activity.

The phenolic contents of crude methanol extracts as gal-
lic acid equivalents were found to be highest in CSSC (83.41
mg/g) followed by CIC (79.23 mg/g), CCC (76.73 mg/g), CKC
(76.31 mg/g), CKA (63.79 mg/g), CCA (58.16 mg/g), CSC
(57.53 mg/g), CSA (40.21 mg/g), CIA (39.58 mg/g) and CSSA
(35.20 mg/g). Alper et al. investigated the total phenolic con-

tent of the ethanol extract obtained from the flowers of C.
solstitialis and found 52.31 mg/g as equivalent to gallic acid
in a gram extract.”! This value was found to be lower than the
value in our current study (83.41 mg/g for CSSC). This could
be due to the difference in the time and place of collection of
the plant. Sekerler et al. reported that the total phenol contents
of C. kilaea, C. cuneifolia and C. stenolepis aerial parts chlo-
roform extracts were found to be 31.57, 55.40, 52.36 and 49.74
mg/g, respectively.’? Compared to the current study, Sekerler
extracts were obtained using a different solvent (chloroform)
and the total phenol content of these extracts was found to be
lower in general.

The highest total phenolic content with the best antioxidant
and anti-inflammatory activity was observed in the methanol
extract of C. solstitialis capitula (CSSC). Previous studies
showed that C. solstitialis contains phenolic acids (caffeic
acid, chlorogenic acid, cinnamic acid, 2,5-dihydroxybenzoic
acid, 3,4-dihydroxybenzoic acid, ellagic acid, ferulic acid,
gallic acid, 4-hydroxybenzoic acid, p-coumaric acid, vanil-




lic acid), and flavonoids (epicatechin, naringin, quercetin,
rutin) and sesquiterpene lactones (solstitialin A and acetyl
solstitialin).?!-?> Phenolic acids and flavonoids were reported
to have antioxidant activity.>>?* It is suggested that sesquiter-
pene lactones together with these substance groups have anti-
inflammatory activity.>>~2’ Thus, phenolic acids, flavonoids
and sesquiterpene lactones could be responsible for the antiox-
idant (but not sesquiterpene lactones) and anti-inflammatory
activity of CSSC.

CONCLUSION

These findings

indicate that the methanol extract of

C. solstitialis capitula may be a valuable resource in the dis-
covery of antioxidant and anti-inflammatory molecules.
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ABSTRACT

Reactive oxygen species (ROS) are a class of bioactive molecules that are the by-products of many cellular functions. These
molecules are present in normal cells at homeostatic levels but have been studied extensively in cancer due to their dysregulation
resulting in pro- and anti-tumorigenic environments. Completely understanding the paradoxical nature of ROS in cancer is
imperative to fully realize its modulation as cancer therapy. Studies into ROS have shown far-reaching effects in cancer, including
how ROS levels regulate signaling, response to treatment, drug resistance, etc. Many drugs were studied with the hopes of
regulating the ROS levels in cancer; however, patient response varied. Plant-derived medications offered new avenues of drug
treatment over the last few decades, and the phytochemical Curcumin gained ground as an interesting cancer therapeutic. Curcumin
is an active phenolic compound used in traditional medicine around the world. Although it suffers from a poor pharmacokinetic
profile, Curcumin exerts anti-tumorigenic, as well as ROS-modulating activities. Analogs and derivatives of Curcumin are under
development to improve upon its anti-cancer properties and enhance its bioavailability, currently a major limitation of its usage.
This review highlights ROS function in cancer treatment focused on ROS, including Curcumin and its analogs.

Keywords: Oxidative Stress, Curcumin, Curcumin analogs, Cancer therapy, ROS-modulating drugs

INTRODUCTION certain ROS molecules and particular targets in redox signal-
ing pathways is the focus of research, as their manipulation
can result in a wide range of physiological effects. As a re-
sult, significant progress has been made in our understanding
of how these oxidants affect physiology and disease, including
the neurological, cardiovascular, and immunological systems,
skeletal muscle, metabolism, aging, and cancer.’ Using drugs
to simply increase or decrease ROS levels has had mediocre
results. More targeted approaches were developed, and ROS-
modulating drugs are being investigated in many diseases, in-
cluding cancer.

Reactive Oxygen Species

Reactive Oxygen Species (ROS) are chemically reactive species
containing diatomic oxygen, including peroxides, superoxide,
hydroxyl radicals, and singlet oxygen.' ROS is an over-arching
term for derivatives of molecular oxygen that were originally
thought to be purely by-products of metabolic activities, such
as aerobic respiration, in cells. ROS can include radicals,
molecules with an unpaired electron, such as superoxide and hy-
droxyl radicals, or non-radical molecules, like hydrogen perox-
ide and hypochlorite. ROS are thought to be tumor-suppressing
agents since they are produced as a result of the administration
of most chemotherapeutic drugs to activate cell death. However,

Generation of ROS

ROS levels are maintained in a healthy cell via various detoxi-

in some cases they exert pro-tumorigenic functions.”~* ROS are
generated at the plasma membrane level by nicotinamide ade-
nine dinucleotide phosphate (NADPH) or at the mitochondrial
level by nicotinamide adenine dinucleotide (NAD) dependent
reactions. The evaluation of molecular interactions between

fying processes controlled by antioxidant enzymes. As a result,
ROS homeostasis is successfully regulated which helps main-
tain the redox balance in healthy cells. Numerous endogenous
and exogenous biological functions produce ROS, which lead
to over- or under-production in response to various stimuli,
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and result in cellular responses ranging from normal signal-
ing mechanisms to cell death and DNA damage (Figure 1).
At the mitochondrial level, specifically the inner mitochondrial
membrane, where most ROS are generated during oxidative
phosphorylation, there are three major complexes that result in
the bulk of ROS production. Complex I (CI) of the electron
transport chain (ETC) generates ROS during electron trans-
fer from NADH to Coenzyme Q (CoQ), while CII produces
ROS through potential electron leakage. CIII can result in ROS
through leaking of a single electron that moves freely through
CIII, resulting in non-enzymatic ROS production.b

Due to the action of multiple antioxidant systems, which
regulate ROS generation by altering metabolic and signaling
pathways, normal cells can maintain oxidative equilibrium.’
Antioxidant defense mechanisms encourage cell death when
ROS levels are continually elevated.” However, oxidative stress
causes harm to numerous molecules and cell structures, result-
ing in the emergence of pathological conditions like inflam-
mation, aging, cancer, and neurological diseases. Further, ROS
are strongly associated with carcinogenesis. To understand the
mechanisms of tumor initiation and progression, as well as the
development of treatments, it is crucial to summarize the most
recent evidence on ROS biology.

Antioxidant Defense and Redox Homeostasis

Oxidative stress is generated when there is an imbalance be-
tween the production and elimination of ROS. As mentioned,
low levels of ROS promote signal transduction to help the can-
cer cells proliferate, differentiate, migrate, and invade.3~10 At
high levels, however, ROS induces lipid peroxidation, DNA
and RNA damage, protein backbone damage, and alteration of
enzyme activity.!! As such, it is vital for cell survival to prevent
accumulation of ROS and maintain redox homeostasis. Various
mechanisms, including hypoxia, metabolic defects, ER stress,
and oncogenes affect basal levels of ROS.’ Fortunately, there
are several mechanisms by which cells deploy endogenous and
exogenous antioxidants or free radical scavengers.'?

Within many cells, activation of the transcription factor, nu-
clear factor erythroid 2-related factor 2 (NRF2), plays a piv-
otal role in regulating antioxidant functions.>”-!3 Under rest-
ing conditions, NRF2 is bound to and constitutively degraded
by Kelch-like ECH-associated protein 1 (KEAP1)-Cullin 3
(CUL2) E3 ligase complex. However, when cells experience
oxidative stress, NRF2 dissociates from KEAP1 and translo-
cates to the nucleus. In the nucleus, NRF2 binds to and acti-
vates the antioxidant response element (ARE) in various an-
tioxidant target genes.*'*!> AREs are enhancer sequences
found in the promoter region of genes encoding for various
antioxidant enzymes. These antioxidants include superoxide
dismutases (SODs), catalase (CAT), glutathione reductase, glu-
tathione peroxidases (GPx), UDP-glycosyltransferases (UGTs),
NADPH quinone oxidoreductase 1 (NQOI1), heme oxyge-

nase (HMOX1), peroxiredoxins (PRx), thioredoxin (TRx), and
thioredoxin reductase (TRxR).'®!7 SODs provide the first line
of defense against free radicals through the conversion of O5 to
H,0,. The H,0, is neutralized to yield water and O, by CAT.
Non-enzymatic molecules play a key role in ROS maintenance
including glutathione, flavonoids, and vitamins C and E. Over-
all, the antioxidant defense of tumor cells play a major role in
their ability to survive, as there is a delicate balance between
the production and neutralization of ROS.

CANCER and ROS

Cancer is a disease in which the body’s cells divide uncon-
trollably and spread throughout the body. Cancer remains one
of the leading causes of death globally, second only to car-
diovascular disease. Approximately 1,958,310 new cases and
609,829 deaths are projected to occur in the United States in
2023.'8 Numerous research studies and trials are conducted to
better understand and develop new treatment for this deadly
disease.

For decades, the activation of oncogenes and inactivation of
tumor suppressor genes were thought to be the main cause of
cancer development and progression— a phenomenon known
as the ‘oncogene addiction’.!® However, recent studies empha-
sized the importance of the metabolic changes that cancer cells
undergo, as these changes help to evade normal cellular lim-
itations and aid in cancer cell proliferation.”’ Most notable is
the increase in aerobic glycolysis, known as the Warburg effect.
Cancer cells typically exhibit higher metabolic rates than nor-
mal cells, and the amount of ROS production is increased as a
result.” This increase in ROS is countered by the cells’ ability to
upregulate their antioxidant mechanisms.? There is a delicate
balance between the production and neutralization of ROS, re-
sulting in a paradoxical effect on cancer cells. Previous research
showed that at moderate to low levels, ROS promoted signal
transduction to help the cancer cells proliferation, differenti-
ation, migration, and invasion.®1%1° At high levels, however,
ROS is detrimental to cancer cells survival due to DNA, lipid,
and protein damage. Increased levels of ROS induced apopto-
sis in multiple myeloma and colorectal cancer cells in previous
studies.?!»?? Therefore, inducing a high concentration of ROS
in cancer cells provides a potential strategy for cancer therapy.

In the early stages of cancer, ROS has pro-oncogenic ac-
tions, and antioxidant levels are decreased. Increased ROS pro-
duction due to elevated metabolic function leads to constitu-
tive activation of various signaling pathways. PI3K/Akt/mTOR
mediated survival signaling is commonly seen upon increases
of ROS in cancer cells and results in tumor growth and
progression.”>?* ROS also contributes to tumor progression
through action against proteins such as PTEN and PTP1B to
downregulate apoptosis and inhibit anti-growth signaling.?>-2
However, high levels of ROS present in cancer cells is harm-
ful to tumor progression and tumor cell viability. Abnormal
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Figure 1. ROS sources and implication in cancer. There are multiple endogenous and exogenous sources of cancer. All can increase the amount of ROS contributing
to the sliding scale of ROS-cancer interaction. This can lead to pro-tumorigenic environment under the right circumstances; however, high levels of ROS are toxic

to normal and cancerous cells alike. Created in biorender.com.

levels of antioxidative enzymes are often found among cancer
patients along with elevated levels of ROS and increased ox-
idative stress.'>?” Lowering the amounts of ROS within cells
through antioxidants is used to prevent the proliferation of can-
cer cells from occurring.28 However, raising intracellular lev-
els of ROS leaves cells with lower defenses and increases the
chances of death caused by oxidative stress. Increasing levels of
ROS may potentially result in cell death for cancer cells while
saving normal cells. However, increasing ROS levels could lead
to elevated mutational burden in cancer cells, warranting pro-
tumorigenic effects.?®

ROS and CANCER THERAPY

The sliding scale of ROS involvement in cancer makes ROS an
interesting target of cancer therapies. New research suggested
that instead of solely targeting oncogenes or tumor suppressor
genes, the strengthened immune surveillance, aneuploidy, and
increased metabolism in cancer cells that ensure survival should
also be targeted. Manipulation of ROS pathways is a potential
step to provide effective forms of cancer therapy.?%-3°

In the early stages of cancer, it is beneficial to maintain
low ROS levels to reduce the survival of tumor-initiating cells
(TICs) due to TICs’ ability to survive in high levels of ROS

through an upregulation of antioxidant levels.3! If high levels of
ROS are present in the early stages of tumor development, then
pre-neoplastic cells develop strong antioxidant mechanisms,
allowing for the development of drug-resistant tumor cells.*”
Targeting these antioxidant mechanisms allow for cancer cell-
specific therapies.

Oncogenes and tumor suppressor genes heavily impact the
initiation and progression of tumorigenesis. Studies showed
that oncogenes affect NRF2 regulation, and FOXO transcription
factors enhanced oncogenic functions due to oncogenic factors
like b-catenin.’> Tumor suppressors were found to activate or
suppress antioxidant gene expression.> For example, BRCA1 is
arequired regulator of NRF2 if an efficient antioxidant response
is to be produced. But, ataxia telangiectasia mutate (ATM),
another tumor suppressor gene that regulates ROS levels, is
found to cause bone marrow failure in mice.” PKM2 functions
as an oncogene and plays a significant role when ROS levels
are high, leading to increased NADPH synthesis, allowing for
solid tumors to detach from their matrix.>>3?

ROS scavengers present a potential anticancer therapeutic
strategy. Numerous studies have been conducted in which an-
tioxidants, often Vitamin E, C, and selenium were implemented
and found to have positive results, such as reduced mortality
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rates. Another potential anti-cancer therapy focuses on increas-
ing ROS by using drugs that target two of the three major an-
tioxidant pathways. Currently, chemotherapy induces oxidative
stress leading to cell death from potential excessive ROS levels
in cancer cells. Platinum conjugated complexes and anthracy-
clines are also used to produce excess levels of ROS.> Arsenic
trioxide and 2-methoxyestradiol showed positive results against
different cancers through increased levels of ROS.333* Another
effective method for killing cancer cells is using an agent that
increases oxidative stress and inhibits HSP90. Inhibiting the
enzyme poly (ADP-ribose) polymerase (PARP) is effective in
treating breast cancer, and ionizing radiation is found to dramat-
ically increase ROS levels, especially through the activation of
NADPH oxidase via radiation exposure.’ Taking advantage of
multiple aspects of ROS manipulation in cancer therapy has led
to multiple treatments, including a variety that were successful
in a clinical trial setting (Table 1).

ROS Therapy Clinical Trials

Vitamin C or ascorbic acid was involved in various clinical
trials; however, the ongoing clinical trial NCT03418038 is ob-
serving deeper exploratory effects. Aside from safety and re-
sponse rates, TET2MT allele, DNA methylation, and plasma
cytokine activity are also being studied. Mangafodipir is a tra-
ditional MRI contrast agent, however it exhibits antioxidant
properties through manganese superoxide dismutase mimetic
activity.® Clinical trial NCT00727922 aimed to show Man-
gafodipir’s neuroprotective properties in cancer patients who
underwent oxaliplatin treatment. Mangafodipir showed sig-
nificant results with 77% of patients treated with both ox-
aliplatin and Mangafodipir exhibiting improved or stabilized
neuropathy.® A study that aimed to show the relationship be-
tween resectable colon cancer patients and Niclosamide treat-
ment (NCT02687009) was opened for recruitment in 2016.
The phase 1 study was canceled due to low recruitment, how-
ever recent evidence suggests Niclosamide, an effective Wnt
signaling pathway regulator, as a candidate for colon cancer
management as Wnt signaling is heavily upregulated in most
patients.>”-3 Besides its’ antioxidant properties, Quercetin ex-
hibited the ability to regulate various cancer signaling pathways
including PI3K/Akt/mTOR, MAPK/ERK, and Wnt signaling
showing anti-metastatic, anti-angiogenic, and anti-proliferative
potential.*®* Quercetin is part of clinical trial NCT04733534,
an ongoing study aimed at improving the quality of life in
adult survivors of childhood cancers. Improvement of frailty
and markers observing senescence, inflammation, bone resorp-
tion, insulin resistance, and cognitive function are under study.
Dimethyl Fumarate was studied in concert with Temozolomide
and radiation therapy for patients with glioblastoma multiforme
in clinical trial NCT02337426. A maximum tolerated dose was
recommended at 240 mg three times daily, and patients saw
varying degrees of progression-free survival with a median of
8.7 months and a median survival rate of 13.8 months was

noted.* Clinical trial NCT04566328 observed Bortezomib in
combination with dexamethasone, daratumumab, and lenalido-
mide for patients with multiple myeloma. The study is still
recruiting, and primary endpoints include overall survival with
secondary endpoints aimed at adverse events, including neu-
rotoxicity, recovery rate, and non-hematologic adverse events.
Arsenic Trioxide is an interesting anti-cancer candidate that
was tested with a variety of cancers for its ability to affect
cancer stem-like cells, induce cell cycle arrest and apoptosis,
chemo-sensitize, and decrease angiogenic potential.*' Many
clinical trials involving arsenic trioxide were undertaken, one
recruiting trial (NCT04897490) evaluates first line arsenic tri-
oxide and all trans retinoic acid treatment for patients with acute
promyelocytic leukemia. Primary outcomes include evaluation
of overall survival and event free survival with secondary mea-
sures observing molecular remission rate, toxicity, and FLT3 as
a prognostic marker. Curcumin (Cur) is involved in a plethora
of clinical trials (Table 1) touching on a wide range of can-
cers. Taking advantage of Cur’s innate antioxidant and anti-
cancer abilities clinical trials are observing improvements in
recurrence-free survival in pancreatic cancer (NCT02064673),
safety and tolerability in metastatic treatment-resistant col-
orectal cancer (NCT01490996), tumor-induced inflammation
reduction in endometrial carcinoma (NCT02017353), and ef-
ficacy and bioavailability in glioblastoma (NCT01712542).4!
The mechanisms by which Cur affects this array of systems and
cancers are discussed in detail below.

CURCUMIN in CANCER THERAPY

Phytochemicals are plant metabolites that possess innate an-
tioxidant properties. Plant by-products offer a unique approach
to cancer therapeutics, and multiple drugs like vincristine and
paclitaxel are already used in various cancers.*> There is a high
demand for medicines from plant origins; most have relatively
low toxicity levels toward normal cells and offer safer alterna-
tives over traditional chemically derived drugs.*?

Cur is a phytochemical derived from Curcuma longa. A com-
monly used spice originating from Asia, Cur received attention
as an anti-cancer therapy. Cur has a history of use in medicines
in Asian countries where it was used as an anti-inflammatory
and anti-dysenteric, and has recently shown antioxidant proper-
ties in the context of various disease instances.***> Cur has be-
come a popular drug for cancer therapy over the last few decades
and multiple analogs have arisen based on Cur structure. Mech-
anistically, Cur has shown the ability to regulate a plethora of
molecular targets lending to its anti-cancer properties (Figure
2). The transcription factor NF-kB is one of the longest known
targets of Cur and its suppression in a variety of cancers includ-
ing leukemia and melanoma.*®4” NF-kp suppression from Cur
interaction led to the identification of Cur’s immunomodula-
tory effects on various cytokines and immune related proteins
such as IL-6, TNF-a, and PD-L1 and is suggested as a po-
tential adjuvant treatment for immunotherapy.*8~>° Regulation
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Table 1. List of ROS modulating drugs in cancer treatment.

Figure 2. Curcumin molecular targets. EGFR- epidermal growth factor receptor, ERK- extracellular signal related kinases, JNK- c-Jun N-terminal kinase, PKC-
protein kinase C, MAPK- mitogen-activated protein kinase, STAT- signal transducer and activator of transcription, NF-kB- nuclear factor-kappa-light-chain-
enhancer of activated B cells, NRF2- nuclear factor erythroid 2-related factor 2, ATF3- activating transcription factor 3, Bcl-xL- B-cell lymphoma-extra-large,
cIAP- cellular inhibitor of apoptosis protein, PCNA- proliferating cell nuclear antigen, TNF- tumor necrosis factor, IL- interleukin, FADD- FAS-associated death
domain protein, PARP- Poly (ADP-ribose) polymerase. Created in biorender.com.
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of several signaling pathways is evidence of the wide range of
effects by Cur. PI3K/Akt, MAPK, and JAK/STAT regulation
were noted in a variety of cancers with a long list of down-
stream target modulation occurring as a result of upstream Cur
interference.”!

The ROS interacting effects of Cur and its analogs were real-
ized as important mechanisms in their ability to combat cancers.
At a mechanistic level, multiple explanations are given for Cur
and its capacity to perform ROS modulation. Both the keto-enol
and phenolic group of Cur are thought to be the site responsi-
ble for radical scavenging, and other groups have suggested that
hydrogen cleavage is the preferred ROS interaction mechanism
of Cur.%? In clinical trials, Cur is shown to increase total antiox-
idant capacity (TAC) and decrease malondialdehyde.>® It also
affects energy metabolism and increases overall ROS accu-
mulation in SiHa cervical cancer cells resulting in increased
autophagy and G2/M phase cell cycle arrest.>* Cur targets
multiple enzymes in ROS metabolic pathways. In leukemic
cells, Cur showed an inhibition of CBR1/3, NQO1/2, PRDX1,
and ADH1A some of which were also upregulated in patient
leukemia samples.>®> Through induction of ROS in colorectal
cancer cell lines Cur was able to activate KEAP1/NRF2/ARE
pathways and serve as an effective therapeutic especially in
combination with 5-FU.%® Cur is an option for resensitization of
chemo-resistant cancer cells. Against drug resistant MCF7/TH,
A549/ADR, and HCT116R Cur modulated oxidative stress and
increased apoptosis through multiple mechanisms including
increases in SOD and CAT and an upregulation of SIRT1.5

Cur has the ability to overcome carboplatin resistance in triple
negative breast cancer cell lines. Recently, Cur demonstrated
its ability to overcome carboplatin resistance through increased
ROS production leading to downregulation of RADS51 and an
upregulation of yH2AX.”® Wu et al. demonstrated that Cur had
a similar result against chemo-resistant lung cancer cells. There
was a drastic increase in apoptosis of A549/D16 cells due to
ROS guided p38 MAPK phosphorylation.® This affect was
exaggerated when used in combination with Docetaxel and
Vincristine with little toxicity arising upon the Cur addition,
suggesting that Cur has a role in enhancing chemotherapeutic
effectiveness.>

Curcumin Derivatives and Cancer

Several Cur analogs can increase their antioxidant ability. The
presence of Cu*, Pb>*, and Fe®" increased the chelating ef-
fect of Cur derivatives and O-methoxy substitution also ex-
hibited increased antioxidant activity in comparison to regular
Cur.%%-%! Pyridine and sulfone derivatives in prostate cancer,
glucoside and heterocyclic Cur derivatives in breast cancer,
and mono-carbonyl and various methoxy and hydroxy deriva-
tives of Cur in colon cancer have increased its effectiveness
when compared to Cur.%> C7-curcuminoids, which have the
same framework as Cur, and C5-curcuminoids, Cur derivatives

with a removed ethylene group, were found to be more effective
than base Cur against K562 leukemic cells and resulted in ROS
upregulation.®3 A novel Cur derivative, 1g, was effective against
colon cancer cells. The administration of 1g resulted in ROS
production, G1 cell cycle phase arrest, and increased ER-stress
which was reversed upon addition of NAC, an ROS scaveng-
ing agent.®* Recently, Liu et al. demonstrated the effectiveness
of a series of Cur analogs and showed the effectiveness of
a mono-carbonyl analog. Non-small cell lung cancer cell lines
showed marked increases in apoptosis and ferroptosis driven by
the analogs ability to generate ROS through TrxR inhibition.%>
The analog WZ26 increased ROS and cell death in cholan-
giocarcinoma via STAT3 inhibition and L48H37 was found to
have similar results and induced ER-stress in human lung can-
cer cells.%®%7 An allylated mono-carbonyl Cur analog (CA6)
showed effectiveness against gastric cancer cells through TrxR1
inhibition and ROS-dependent apoptotic death.®® Another Cur
analog, WZ37, induced ROS-dependent ER stress and mito-
chondrial injury, resulting in an increase in cell death and G2/M
phase cell cycle arrest along with decreased Akt/mTOR phos-
phorylation and an upregulation of BAD and PTEN in head
and neck squamous cell carcinoma.%® Continued development
of Cur derivatives will hopefully lead to not only increased tar-
geting of tumorigenic factors such as ROS, but also continued
improvement over base Cur formulations.

Multiple limitations surround Cur and its analogs usage in-
cluding poor bioavailability and cellular uptake which decrease
the therapeutic potential of the compound. Studies with doses
as high as 12 g/day still resulted in small amounts of traceable
plasma Cur, mostly due to low absorption in the small intes-
tine and rapid elimination in the body via the gall bladder.”"~72
Efforts to improve the pharmacokinetic profile of Cur involve
nanoparticle formulation and increased analog development.
Cur nanoparticles not only increase its ability to attack many
of its targets mentioned above, but also show increased antioxi-
dant potential and exhibit improved distribution and absorption
by target cells.”3~7

CONCLUSION

The paradoxical nature of ROS made for a difficult target in the
hope for its use in cancer therapy. Relying solely on decreas-
ing or increasing ROS in either direction is still a questionable
approach for treatment. However, taking advantage of the an-
tioxidant abilities of drugs shows some promise in terms of
its inclusion in treatment regimens. Natural compounds like
Cur are especially advantageous in this aspect due to their low
toxicity towards healthy cells. Its natural antioxidant ability in-
cluding its targeting of various protein kinases, transcription
factors, and growth factors makes Cur an attractive alternative
despite its pharmacokinetic limitations. Further studies into
Cur’s mechanistic abilities to alter ROS and change antioxidant
potential, chemical analogs, and nanoparticle formulation will




improve the chances for successful Cur adaptation into cancer
treatments.

Utilizing antioxidants in cancer therapy is a delicate balance
and the research is still evolving. Since antioxidant activity can
protect cancer cells, novel approaches such as modulation of
oxidative stress for the implications in therapeutic application
is challenging. Rigorous preclinical and clinical studies are
essential to ensure safety and efficacy. Clinical testing utilizing
antioxidant mechanisms for cancer therapy is ongoing. New
discoveries and clinical trials can provide more insights and
potential strategies beyond what is currently known.
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