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Aims and Scope: The "Cell Journal . " is a peer review and monthly English publication of Royan Institute of Iran. The
aim of the journal is to disseminate information through publishing the most recent scientific research studies on exclusively
Cellular, Molecular and other related topics. Cell J, has been certified by the Ministry of Culture and Islamic Guidance
since 1999 and also accredited as a scientific and research journal by HBI (Health and Biomedical Information) Journal
Accreditation Commission since 2000 which is an open access journal. This journal holds the membership of the Committee
on Publication Ethics (COPE).

1. Types of articles
The articles in the field of Cellular and Molecular can be considered for publications in Cell J. These articles are as below:

A. Original articles Original articles are scientific reports of the original research studies. The article consists of English
Abstract (structured), Introduction, Materials and Methods, Results, Discussion, Conclusion, Acknowledgements, Author’s
Contributions, and References (Up to 40).

B. Review articles Review articles are the articles written by well experienced authors and those who have excellence in the
related fields. The corresponding author of the review article must be one of the authors of at least three published articles
appearing in the references. The review article consists of English Abstract (unstructured), Introduction, Conclusion, Author’s
Contributions, and References (Up to 70).

C. Systematic Reviews

Systematic reviews are a type of literature review that collect and critically analyzes multiple research studies or papers. The
Systematic reviews consist of English Abstract (unstructured), Introduction, Materials and Methods, Results, Discussion, Conclusion,
Acknowledgements, Author’s Contributions, and References (Up to 70).

D. Short communications: Short communications are articles containing new findings. Submissions should be brief reports
of ongoing researches. The short communication consists of English Abstract (unstructured), the body of the manuscript
(should not hold heading or subheading), Acknowledgements, Author’s Contributions, and References (Up to 30).

E. Case reports: Case reports are short discussions of a case or case series with unique features not previously described
which make an important teaching point or scientific observation. They may describe novel techniques or use equipment,
or new information on diseases of importance. It consists of English Abstracts (Unstructured), Introduction, Case Report,
Discussion, Acknowledgements, Author’s Contributions, and References (Up to 30).

F. Editorial: Editorial should be written by either the editor in chief or the editorial board.

G. Imaging in biology: Images in biology should focus on a single case with an interesting illustration such as a photograph,
histological specimen or investigation. Color images are welcomed. The text should be brief and informative.

H. Letter to the editors: Letter to editors are welcome in response to previously published Cell J articles, and may also include
interesting cases that do not meet the requirement of being truly exceptional, as well as other brief technical or clinical notes of
general interest.

I. Debate.
2. Submission process

It is recommended to see the guidelines for reporting different kinds of manuscripts here. This guide explains how to prepare
the manuscript for submission. Before submitting, we suggest authors to familiarize themselves with Cell J format and content
by reading the journal via the website (www.celljournal.com). The corresponding author ensures that all authors are included
in the author list and agree with its order, and they must be aware of the manuscript submission.

A. Author contributions statements

It is essential for authors to include a statement of responsibility in the manuscript that specifies the contribution of every
one of them. This participation must include conception and design of the manuscript, data acquisition or data analysis and
interpretation, drafting of the manuscript and/or revising it for critically important intellectual content, revision and final
approval of the manuscript and statistical analysis, obtaining funding, administrative, technical, or material support, or
supervision. Authors who do not meet the above criteria should be acknowledged in the Acknowledgments section.

B. Cover letter and copyright

Each manuscript should be accompanied by a cover letter, signed by all authors specifying the following statement: "The



manuscript has been seen and approved by all authors and is not under active consideration for publication. It has neither
been accepted for publication nor published in another journal fully or partially (except in abstract form). Also, no manuscript
would be accepted in case it has been pre-printed or submitted to other websites | hereby assign the copyright of the enclosed
manuscript to Cell J." Corresponding author must confirm the proof of the manuscript before online publishing. Also, is it
needed to suggest three peer reviewers in the field of their manuscript.

C. Manuscript preparation

Authors whose first language is not English encouraged to consult a native English speaker in order to confirm his manuscripts
to American or British (not a mixture) English usage and grammar. It is necessary to mention that we will check the plagiarism
of your manuscript by iThenticate Software. The manuscript should be prepared in accordance with the "International
Committee of Medical Journal Editors (ICMIJE)". Please send your manuscript in two formats Word and Pdf (including: title,
name of all the authors with their degree, abstract, full text, references, tables and figures) and also send tables and figures
separately in the site. The abstract and text pages should have consecutive line numbers in the left margin beginning with
the title page and continuing through the last page of the written text. Each abbreviation must be defined in the abstract and
text when they are mentioned for the first time. Avoid using abbreviation in the title. Please use the international and standard
abbreviations and symbols

It should be added that an essential step toward the integration and linking of scientific information reported in published
literature is using standardized nomenclature in all fields of science and medicine. Species names must be italicized (e.g.,
Homo sapiens) and also the full genus and species written out in full, both in the title of the manuscript and at the first mention
of an organism in a paper.

Itis necessary to mention that genes, mutations, genotypes, and alleles must be indicated in italics. Please use the recommended
name by consulting the appropriate genetic nomenclature database, e.g., HUGO for human genes. In another words; if it is a
human gene, you must write all the letters in capital and italic (e.g., OCT4, c-MYC). If not, only write the first letter in capital
and italic (e.g., Oct4, c-Myc). In addition, protein designations are the same as the gene symbol but are not italicized.

Of note, Cell J will only consider publishing genetic association study papers that are novel and statistically robust. Authors
are advised to adhere to the recommendations outlined in the STREGA statement (http://www.strega-statement.org). The
following criteria must be met for all submissions:

1. Hardy-Weinberg Equilibrium (HWE) calculations must be carried out and reported along with the P-values if applicable
[see Namipashaki et al. 2015 (Cell J, Vol 17, N 2, Pages: 187-192) for a discussion].

2. Linkage disequilibrium (LD) structure between SNPs (if multiple SNPs are reported) must be presented.
3. Appropriate multiple testing correction (if multiple independent SNPs are reported) must be included.
Submissions that fail to meet the above criteria will be rejected before being sent out for review.

Each of the following manuscript components should begin in the following sequence:

Authors’ names and order of them must be carefully considered (full name(s), highest awarded academic degree(s), email(s),
and institutional affiliation(s) of all the authors in English. Also, you must send mobile number and full postal address of the
corresponding author).

Changes to Authorship such as addition, deletion or rearrangement of author names must be made only before the manuscript
has been accepted in the case of approving by the journal editor. In this case, the corresponding author must explain the reason
of changing and confirm them (which has been signed by all authors of the manuscript). If the manuscript has already been
published in an online issue, an erratum is needed.

Title is providing the full title of the research (do not use abbreviations in title).
Running title is providing a maximum of 7 words (no more than 50 characters).
Abstract must include Objective, Materials and Methods, Results, and Conclusion (no more than 300 words).

Keywords, three to five, must be supplied by the authors at the foot of the abstract chosen from the Medical Subject Heading
(MeSH). Therefore; they must be specific and relevant to the paper.

The following components should be identified after the abstract:

Introduction: The Introduction should provide a brief background to the subject of the paper, explain the importance of the
study, and state a precise study question or purpose.

Materials and Methods: It includes the exact methods or observations of experiments. If an apparatus is used, its
manufacturer’s name and address should be stipulated in parenthesis. If the method is established, give reference but if the



method is new, give enough information so that another author can perform it. If a drug is used, its generic name, dose, and
route of administration must be given. Standard units of measurements and chemical symbols of elements do not need to be
defined.

Statistical analysis: Type of study and statistical methods should be mentioned and specified by any general computer
program used.

Ethical considerations: Please state that informed consent was obtained from all human adult participants and from the
parents or legal guardians of minors and include the name of the appropriate institutional review board that approved the
project. It is necessary to indicate in the text that the maintenance and care of experimental animals complies with National
Institutes of Health guidelines for the humane use of laboratory animals, or those of your Institute or agency.

Clinical trial registration: All of the Clinical Trials performing in Iran must be registered in Iranian Registry of Clinical
Trials (www.irct.ir). The clinical trials performed abroad, could be considered for publication if they register in a registration
site approved by WHO or www.clinicaltrials.gov. If you are reporting phase II or phase I1I randomized controlled trials,
you must refer to the CONSORT Statement for recommendations to facilitate the complete and transparent reporting of trial
findings. Reports that do not conform to the CONSORT guidelines may need to be revised before peer-reviewing.

Results: They must be presented in the form of text, tables, and figures. Take care that the text does not repeat data that are
presented in tables and/or figures. Only emphasize and summarize the essential features of the main results. Tables and figures
must be numbered consecutively as appeared in the text and should be organized in separate pages at the end of the manuscript
while their location should be mentioned in the main text.

Tables and figures: If the result of your manuscript is too short, it is better to use the text instead of tables & figures. Tables
should have a short descriptive heading above them and also any footnotes. Figure’s legend should contain a brief title for
the whole figure and continue with a short explanation of each part and also the symbols used (no more than 100 words). All
figures must be prepared based on cell journal’s guideline in color (no more than 6 Figures and Tables) and also in GIF or
JPEG format.

Of Note: Please put the tables & figures of the result in the results section not any other section of the manuscript.

Supplementary materials would be published on the online version ofthe journal. This material is important to the understanding
and interpretation of the report and should not repeat material within the print article. The amount of supplementary material
should be limited. Supplementary material should be original and not previously published and will undergo editorial and
peer review with the main manuscript. Also, they must be cited in the manuscript text in parentheses, in a similar way as when
citing a figure or a table. Provide a legend for each supplementary material submitted.

Discussion: It should emphasize the present findings and the variations or similarities with other researches done by other
researchers. The detailed results should not be repeated in the discussion again. It must emphasize the new and important
aspects of the study.

Conclusion: It emphasizes the new and important aspects of the study. All conclusions are justified by the results of the study.

Acknowledgements: This part includes a statement thanking those who contributed substantially with work relevant to
the study but does not have authorship criteria. It includes those who provided technical help, writing assistance and name
of departments that provided only general support. You must mention financial support in the study. Otherwise; write this
sentence "There is no financial support in this study".

Conflict of interest: Any conflict of interest (financial or otherwise) and sources of financial support must be listed in the
Acknowledgements. It includes providers of supplies and services from a commercial organization. Any commercial affiliation
must be disclosed, regardless of providing the funding or not.

References: The references must be written based on the Vancouver style. Thus the references are cited numerically in the text
and listed in the bibliography by the order of their appearance. The titles of journals must be abbreviated according to the style
used in the list of Journals Indexed in PubMed. Write surname and initials of all authors when there are six or less. In the case
of seven or more authors, the names of the first six authors followed by "et al." must be listed. You can download Endnote file
for Journal references style: endnote file

The reference of information must be based on the following order:
Article:

Surname(s) and first letter of name &middle name(s) of author(s) .Manuscript title. Journal title (abbr).publication date (year);
Volume & Issue: Page number.

Example: Manicardi GC, Bianchi PG, Pantano S, Azzoni P, Bizzaro D, Bianchi U, et al. Presence of endogenous nicks in DNA
of ejaculated human spermatozoa and its relationship to chromomycin A3 accessibility. Biol Reprod. 1995; 52(4): 864-867.



Book:

Surname(s) and first letter of name & middle name(s) of author(s).Book title. Edition. Publication place: publisher name;
publication date (year); Page number.

Example: Edelman CL, Mandle CL. Health promotion throughout the lifespan. 2nd ed. ST Louis: Mosby; 1998; 145-163.
Chapter of book:

Surname(s) and first letter of name & middle name(s) of author(s).Chapter title. In: Surname(s) and first letter of name & mid-
dle name(s) of editor(s), editors. Book title. Edition. Publication place: publisher name; publication date (year); Page number.

Example: Phillips SJ, Whisnant JP. Hypertension and stroke. In: Laragh JH, Brenner BM, editors. Hypertension: pathophysi-
ology, diagnosis, and management. 2nd ed. New York: Raven Press; 1995; 465-478.

Abstract book:

Example: Amini rad O.The antioxidant effect of pomegranate juice on sperm parameters and fertility potential in mice. Cell
J.2008;10 Suppl 1:38.

Thesis:
Name of author. Thesis title. Degree. City name. University. Publication date (year).

Example: Eftekhari Yazdi P. Comparison of fragment removal and co-culture with Vero cell monolayers on development of
human fragmented embryos. Presented for the Ph.D., Tehran. Tarbiyat Modarres University. 2004.

Internet references
Article:

Example: Jahanshahi A, Mirnajafi-Zadeh J, Javan M, Mohammad-Zadeh M, Rohani M. Effect of low-frequency stimulation
on adenosineAl and A2 A receptors gene expression in dentate gyrus of perforant path kindled rats. Cell J. 2008; 10 (2): 87-92.
Available from: http://www.celljournal.org. (20 Oct 2008).

Book:

Example: Anderson SC, Poulsen KB. Anderson’s electronic atlas of hematology.[CD-ROM]. Philadelphia: Lippincott Williams &
Wilkins; 2002.

D. Proofs are sent by email as PDF files and should be checked and returned within 72 hours of receipt. It is the authors’
responsibility to check that all the text and data as contained in the page proofs are correct and suitable for publication. We are
requested to pay particular attention to author’s names and affiliations as it is essential that these details be accurate
when the article is published.

E. Pay for publication: Publishing an article in Cell J requires Article Processing Charges (APC) that will be billed to the
submitting author following the acceptance of an article for publication. For more information please see www.celljournal.org.

F. Ethics of scientific publication: Manuscripts that have been published elsewhere with the same intellectual material will
refer to duplicate publication. If authors have used their own previously published work or work that is currently under re-
view, as the basis for a submitted manuscript, they are required to cite the previous work and indicate how their submitted
manuscript offers novel contributions beyond those of the previous work. Research and publication misconduct is considered
a serious breach of ethics.

The Journal systematically employs iThenticate, plagiarism detection and prevention software designed to ensure the
originality of written work before publication. Plagiarism of text from a previously published manuscript by the same or
another author is a serious publication offence. Some parts of text may be used, only where the source of the quoted material
is clearly acknowledged.

3. General information

A. You can send your manuscript via online submission system which is available on our website. If the manuscript is not
prepared according to the format of Cell J, it will be returned to authors.

B. The order of article appearance in the Journal is not demonstrating the scientific characters of the authors.
C. Cell J has authority to accept or reject the manuscript.

D. The received manuscript will be evaluated by associate editor. Cell J uses a single-blind peer review system and if the
manuscript suits the journal criteria, we select the reviewers. If three reviewers pass their judgments on the manuscript,



it will be presented to the editorial board of Cell J. If the editorial board has a positive judgment about the manuscript,
reviewers’ comments will be presented to the corresponding author (the identification of the reviewers will not be revealed).
The executive member of journal will contact the corresponding author directly within 3-4 weeks by email. If authors do not
receive any reply from journal office after the specified time, they can contact journal office. Finally, executive manager will
respond promptly to authors’ request.

The Final Checklist
The authors must ensure that before submitting the manuscript for publication, they have to consider the following parts:

1. Title page should contain title, name of the author/coauthors, their academic qualifications, designation & institutions they
are affiliated with, mailing address for future correspondence, email address, phone, and fax number.

2. Text of manuscript and References prepared as stated in the "guide for authors" section.
3. Tables should be on a separate page. Figures must be sent in color and also in JPEG (Jpg) format.
4. Cover Letter should be uploaded with the signature of all authors.

5. An ethical committee letter should be inserted at the end of the cover letter.
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Emails: Celljournal@royaninstitute.org

info@celljournal.org

o8]




IN THE NAME OF GOD

Gone But not Forgotten
In the memory of the late Director of Royan Institute,
Founder of Stem Cells Research in Iran and Chairman of

Cell Journal . . May he rest in peace.
Dr. Saeed Kazemi Ashtiani
OWNED:
Royan Institute, Iranian Academic Center for Education Culture and Research (ACECR)
CHAIRMAN:

Hamid Gourabi, Ph.D., (Professor, Royan Institute, Tehran, Iran)

EDITOR IN CHIEF:
Ahmad Hosseini, Ph.D., (Professor, Shahid Beheshti Medical University, Tehran, Iran)

EDITOR ASSOCIATE:
Saeid Abroun, Ph.D., (Professor, Tarbiat Modares University, Tehran, Iran)

EDITORIAL BOARD:

Saeid Abroun, Ph.D., (Professor, Tarbiat Modares University, Tehran, Iran)

Kamran Alimoghadam, M.D.,(Associate Professor, Tehran Medical University, Tehran, Iran)

Alireza Asgari, Ph.D., (Professor, Baghyatallah University, Tehran, Iran)

Mohammad Kazem Aghaee Mazaheri, D.D.S., (Assistant Professor, ACECR, Tehran, Iran)

Gila Behzadi, Ph.D., (Professor, Shahid Beheshti Medical University, Tehran, Iran)

Hossein Baharvand, Ph.D., (Professor, Royan Institute, Tehran, Iran)

Mary Familari, Ph.D., (Senior Lecturer, University of Melbourne, Melbourne, Australia)

Hamid Gourabi, Ph.D., (Professor, Royan Institute, Tehran, Iran)

Jurgen Hescheler, M.D., (Professor, Institute of Neurophysiology of University Zu Koln, Germany)

Ghasem Hosseini Salekdeh, Ph.D., (Assistant Professor, Agricultural Biotechnology Research Institute, Karaj,
Iran)

Esmaiel Jabbari, Ph.D., (Associate Professor, University of South Carolina, Columbia, USA)

Suresh Jesuthasan, Ph.D., (Associate Professor, National University of Singapore, Singapore)

Bahram Kazemi, Ph.D., (Professor, Shahid Beheshti Medical University, Tehran, Iran)

Saadi Khochbin, Ph.D., (Professor, Inserm/Grenoble University, France)

Ali Khademhosseini, Ph.D., (Associate Professor, Harvard Medical School, USA)

Kun Ping Lu, M.D., Ph.D., (Professor, Harvard Medical School, Boston, USA)

Navid Manuchehrabadi, Ph.D., (Angio Dynamics, Marlborough, USA)

Hosseinali Mehrani, Ph.D., (Professor, Baghyatallah University, Tehran, Iran)

Marcos Meseguer, Ph.D., (Clinical Embryology Laboratory IVI Valencia, Valencia, Spain)

Seyed Javad Mowla, Ph.D., (Professor, Tarbiat Modares University, Tehran, Iran)

Mohammad Hossein Nasr Esfahani, Ph.D., (Professor, Royan Institute, Tehran, Iran)

Toru Nakano, M.D., Ph.D., (Professor, Osaka University, Osaka, Japan)

Donald Newgreen, Ph.D., (Professor, Murdoch Children Research Institute, Melbourne, Australia)

Mojtaba Rezazadeh Valojerdi, Ph.D., (Professor, Tarbiat Modares University, Tehran, Iran)

Mohammad Hossein Sanati, Ph.D., (Associate Professor, National Institute for Genetic Engineering and
Biotechnology, Tehran, Iran)

Eimei Sato, Ph.D., (Professor, Tohoku University, Sendai, Japan)

Andreas Serra, M.D., (Professor, University of Zurich, Zurich, Switzerland)

Abdolhossein Shahverdi, Ph.D., (Professor, Royan Institute, Tehran, Iran)

Michele Catherine Studer, Ph.D., (Institute of Biology Valrose, IBV University of Nice Sophia-Antipolis, France)
Peter Timashev, Ph.D., (Sechenov University, Moscow, Russia)

Daniela Toniolo, Ph.D., (Head, Unit of Common Disorders, San Raffaele Research Institute, Milano, Italy)
Christian van den Bos, Ph.D., Managing Director MARES Ltd, Greven, Germany

Catherine Verfaillie, Ph.D., (Professor, Katholie Universiteit Leuven, Leuven, Belgium)

Gianpaolo Zerbini, M.D., Ph.D., (San Raffaele Scientific Institute, Italy)

Shubing Zhang, Ph.D., ( Associate Professor, Central South University, China)

Daniele Zink, Ph.D., (Institute of Bioengineering and Nanotechnology, Agency for Science Technology & Science,
Singapore)



EXECUTIVE MANAGER:

Farideh Malekzadeh, M.Sc., (Royan Institute, Tehran, Iran)

EXECUTIVE BOARD:

Parvaneh Afsharian, Ph.D., (Royan Institute, Tehran, Iran)

Reza Azimi, B.Sc., (Royan Institute, Tehran, Iran)

Reza Omani-Samani, M.D., (Royan Institute, Tehran, Iran)

Elham Amirchaghmaghi,M.D., Ph.D., (Royan Institute, Tehran, Iran)

Leila Daliri, M.Sc., (Royan Institute, Tehran, Iran)

Mahdi Lotfipanah, M.Sc., (Royan Institute, Tehran, Iran)

ENGLISH EDITOR:

Saman Eghtesad, Ph.D., (Royan Institute, Tehran, Iran)
Vahid Ezzatizadeh, Ph.D., (Royan Institute, Tehran, Iran)

Jane Elizabeth Ferrie, Ph.D., (University College of London, London, UK)
Ramin Rezaee, Pharm.D., Ph.D., (Mashhad University of Medical Sciences, Mashhad, Iran)

Kim Vagharfard, M.Sc., (Royan Institute, Tehran, Iran)

GRAPHICS:

Laleh Mirza Ali Shirvani, B.Sc., (Royan Institute, Tehran, Iran)

PUBLISHED & SPONSORED BY:
Publication of Royan Institute (ACECR)

Indexed in:

. Thomson Reuters (ISI)

. PubMed

. PubMed Central (PMC)

. National Library Medicine (NLM)
. Biosis Preview

. Index Copernicus International

. Cambridge Scientific Abstract (CSA)

10. EMBASE

11. Scopus

12. Cinahl Database

13. Google Scholar

14. Chemical Abstract Service (CAS)

15. Proquest

16. Directory of Open Access Journals (DOAJ)
17. Open Academic Journals Index (OAJI)

O©CoO~NOOOPAWN-=-

18. Directory of Research Journals Indexing (DRJI)

19. Scientific Information Database (SID)

20. Iranmedex

21. Islamic World Science Citation Center (ISC)
22. Magiran

23. Science Library Index

24. Biological Abstracts

25. Essential Science Indicators

26. EuroPub

. Index Medicus for the Eastern Mediterranean Region (IMEMR)
. Regional Information Center for Sciences and Technology (RICeST)

ACECR

Copyright and license information:

The Cell Journal,, . . is an open access journal which means
the articles are freely available online for any individual author to
download and use the providing address. The journal is licensed
under a Creative Commons Attribution-Non Commercial
3.0 Unported License which allows the author(s) to hold the
copyright without restrictions that is permitting unrestricted
use, distribution, and reproduction in any medium provided the
original work is properly cited.

Editorial Office Address (Dr. Ahmad Hosseini):
Royan Institute, P.O.Box: 16635-148,
Tehran, Iran
Tel & Fax: (+9821)22510895
Website: www.celljournal.org
Emails: info@celljournal.org
celljournal@royaninstitute.org

Printing Company:
Naghshe e Johar Co.
No. 103, Fajr alley, Tehranpars Street,
Tehran, Iran.

oo




Cell Journal Vol 23, No 2, July 2021, Serial Number: 90, Pages: 145-250

(Yakhteh)”

CONTENTS
Original Articles

e Xeno-Free Human Wharton’s Jelly Mesenchymal Stromal Cells Maintain Their Characteristic Properties after
Long-Term Cryopreservation
Caroline Mathen, WAlTTIA DISOUZA ..........coveiuiiieeeeeieeeeeeeeeee ettt ettt e et ee e e et e ae et e et e eaesaeeeaeeeseesaeessteeaseneeeaeeensessesnnesaeesaeeseeans 145

e In Vitro Implantation Model Using Human Endometrial SUSD2* Mesenchymal Stem Cells and Myometrial Smooth
Muscle Cells
Marzieh Rahimipour, Mina Jafarabadi, Mojdeh SAlENNia ...........occeueiiirieieiirieieeeeieeeee ettt 154

e Alpha-Lipoic Acid Can Overcome The Reduced Developmental Competency Induced by Alcohol Toxicity during
Ovine Oocyte Maturation

Ali Moghimi Khorasgani, Reza Moradi, Farnoosh Jafarpour, Faezeh Ghazvinizadehgan, Somayyeh Ostadhosseini, Alireza
Heydarnezhad, Ali Akbar Fouladi-Nashta, Mohammad Hossein Nasr-Esfahani .............cccooociveiiiiciniiiiccsecceeeeeees 164

e Metformin Reduces Vascular Assembly in High Glucose-Treated Human Microvascular Endothelial Cells in An
AMPK-Independent Manner
Carolina Silva, Ilda Rodrigues, Sara Andrade, Raquel Costa, RAQUEl SOAIES .......ccevveriiiiiiirieieieieiesteseee et eeees 174

e Cardioprotective Effect of Quercetin against Ischemia/Reperfusion Injury Is Mediated Through NO System and
Mitochondrial K-ATP Channels
Ying Liu, Yi SONE, SIYUAN Li, Li VIO w.ueuiiieiiiiirieieiieieeie ettt ettt s et s et e bt et e s e s e st s et et ene s esesenesseseneneses 184

e Anti-Atherosclerotic Effect of Afrocyclamin A against Vascular Smooth Muscle Cells Is Mediated via p38 MAPK
Signaling Pathway
Yan Gu, Zhanzhan Xiao, Jianlie Wu, Mingjin Guo, Ping Lv, NinZ DOU ........ccccveirieiriirieriieiereieieeeeeteeeee et ens 191

e miR-373 Suppresses Cell Proliferation and Apoptosis via Regulation of SIRT1/PGC-1a/NRF2 Axis in Pancreatic
Cancer
Qing-Hua Yin, Yuan Zhou, ZHi-YUAN L ......cccoirouriiririeeiieieeiseteee ettt ettt et s s s sseseneseebeseseseaeseneeseseseneseesenenenas 199

o Identification of Circulating hsa-miR-324-3p and hsa-miR-331-3p Exchanges in The Serum of Alzheimer’s
Patients and Insights into The Pathophysiological Pathways
Maryam Heydari, Zohreh Hojati, MOEIN DENDASII ..........ccociriiiiiiieiiieiitiieteteecetetete ettt s et ss e b s se s eseebessesenne 21

o Circ-RNA Expression Pattern and circ-RNA-miRNA-mRNA Network in The Pathogenesis of Human Intervertebral
Disc Degeneration
Zhiliang Guo, Yuanyuan Liu, Yu Gao, Xiumei Guan, Hong Li, Min CRENg ..........cccceirviieirieieieietiieeeeeeteeereesese s evesenees 218

e Metastasis Inhibition by Cell Type Specific Expression of BRMS7 Gene under The Regulation of miR200 Family
Response Elements
Samila Farokhimanesh, Mahdi Forouzandeh Moghadam, Marzieh Ebrahimi, Zahra Sadat Hashemi ..............ccccooveevvivieinieiiiinnn, 225

e Bibliometric Analysis of Global Circular RNA Research Trends from 2007 to 2018
Ran Wu, Fei Guo, Chen Wang, Baohua Qian, Fuming Shen, Fang Huang, Weidong Xu ..........ccccceeveivieinieiiinieieeeeeeeseeevnns 238

Letter to The Editor

e Is There any Alternative Receptor for SARS-CoV-2?
Mahtab Shahriari Felordi, Arash Memarnejadian, Mustapha Najimi, Massoud Vosough...........c.cccccoeinininiincincrnreiennnn. 247

e Front page of Cell Journal : Figure 2E, F, H, | Page: 159

(Yakhteh)*



Original Article

Xeno-Free Human Wharton’s Jelly Mesenchymal Stromal Cells
Maintain Their Characteristic Properties after Long-Term
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Abstract
Objective: The past decade has witnessed a rapid growth in harnessing the potential of adult stem cells for regenerative
medicine. An investigational new drug (IND) or a regenerative medicine advanced therapy (RMAT) product must fulfil
many requirements, such as stability studies, after cryopreservation. Such studies are important to ascertain the utility
of off-the-shelf allogeneic cells for clinical applications. The present work describes a complete characterisation of xeno-
free human Wharton’s Jelly mesenchymal stromal cells (hWJ-MSCs) before and up to 28 months post-cryopreservation.

Materials and Methods: In this experimental study, culture methods that involved plasma derived human serum and
recombinant trypsin were used to develop clinical grade cells. Complete cell characterisation involved flow cytometry
studies for viability, positive and negative markers, colony forming unit (CFU) potential, population doubling time (PDT),
soft agar assay to evaluate in vitro tumourigenicity, karyotype analysis and differentiation studies which were performed
before and at 6, 12, 18 and 28 months post-cryopreservation.

Results: Our data showed consistency in the flow cytometry, CFU assay, PDT, soft agar assay, karyotyping and
differentiation studies.

Conclusion: Using our protocols for extended xeno-free culture and cryopreservation of hWJ-MSCs, we could establish
the shelf life of the cell-based product for up to 28 months.
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Introduction

Mesenchymal stromal cells (MSCs) are adult
multipotent cells characterized by self-renewal as well as
differentiation into various fibroblastic lineages, including
transdifferentiation into other lineages. These cells were
initially studied by Owen and Friedenstein (1) who
recognized their differentiation potential across various
lineages. Although these cells are implicated in various
intrinsic healing mechanisms, the process may be slow,
absent or compromised in certain clinical conditions. The
human body retains contingent reserves of stem cells in
various organs to replace diseased or damaged tissues
when needed. Since this process is time-consuming in
vivo, these cells can be expanded in vitro in the laboratory
and be used to facilitate the body’s innate self-healing
mechanisms. More than two decades ago, McElreavey et
al. (2) isolated MSCs from the umbilical cord matrix, also
known as Wharton’s jelly (WJ), and these cells have been
well-studied (3-5). Umbilical cord represents an abundant,
young, non-invasive and non-controversial tissue source
without any ethical implications if carried out within the
confines of Institutional Ethics approval and accompanied
by documented donor informed consent. Interestingly,
apart from their differentiation capacities, MSCs also have
inherent immunomodulatory properties (6), while being

hypoimmune cells themselves. These cells are negative
for class II major histocompatibility markers (7). Thus,
human MSCs are non- antigenic and indiscernible to the
recipient’s immune system (8, 9).

Caplan (10) theorizes that perhaps the most vital role
of MSCs is to evade immunosurveillance and promote
a microenvironment that supports regeneration. Various
groups that have used laboratory expanded bone
marrow-derived MSCs in clinical settings, irrespective
of autologous or allogeneic sources, have not reported
any adverse events. This proves that isolation and in
vitro expansion is safe and translates to clinical benefit
following intravenous delivery of human MSCs (11).
Apart from healing and regenerative properties for various
indications (12, 13), MSCs have also been implicated
in immune-modulated remediation for graft versus host
disease (GvHD) and type one diabetes (14, 15).

Stem cells from adults, foetal and other sources are
widely used to regenerate tissues in humans after they
have suffered damages due to diseases or injuries. For this
purpose, cells must be grown in vitro for different periods
of time using defined media, an important component of
which is animal serum. Fetal bovine serum (FBS) or calf
serum, a derivative of the meat industry, is a commonly
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used additive in cell culture as it contains factors that the
cells need for attachment, proliferation and differentiation
(16). For clinical applications, cells are cultured in
media that contain animal sera, human allogeneic serum
or a cocktail of growth factors from xeno (animal) or
recombinant sources. Nevertheless, there are scientific,
safety and ethical issues regarding the use of animal
serum (17). Additionally, when the aim is cell-based
therapeutics or clinical applications, there are limitations
and risks while using these methods, given the chance for
transmission of pathogens (18) or prions (19) from animal
sources to the cells that may eventually end up in humans
during transplantation. Consequently, during translational
research, it is preferable to have a cell-based product,
which is free from any animal products or xeno-free. In
this study, we have analysed xeno-free human WJ-MSCs
(hWJ-MSCs) at different time points over 28 months after
cryopreservation.

Materials and Methods

In this experimental study, human umbilical cords from
elective caesarean deliveries were collected after obtaining
written informed consent from the potential donors and
relevant Ethics approvals in compliance with the National
Guidelines for Stem Cell Research (NGSCR). Approvals
were obtained from the Institutional Committee for Stem
Cell Research of the Company (ICSCR/OCT/UID/002)
and Hospital (ISCC/04/14) as well as the hospital’s
Institutional Ethics Committee (IEC/38/14).

All reagents were procured from Sigma (UK) or Gibco
(Life Technologies, Denmark). Other chemicals were from
Qualigens and were of analytical grade. Differentiation
media, alizarin red S, oil red O and alcian blue stains were
from HiMedia (India). Consumables were either from
Nunc Thermo Fisher Scientific or Tarsons. The culture
media used to isolate MSCs was Dulbecco’s modified
eagle medium (DMEM) supplemented with 1 mM
sodium pyruvate, 4 mM L-glutamine, 10% human serum,
1% penicillin/streptomycin and 2.5 mg/mL amphotericin
B. The human serum was recovered from plasma using
modified protocols as described elsewhere (20). Briefly,
pooled plasma lots were treated with 9% of 0.1 M calcium
chloride, allowed to clot, and the recovered serum was
heat inactivated at 56°C for 30 minutes. The serum was
further processed to neutralise viruses, bacteria and
mycoplasma (21). Cold sterilization was carried out using
0.1% peracetic acid.

Human umbilical cords were collected after a three-tier
donor-screening protocol, which consisted of documented
informed consent, medical history and infectious disease
screening that included, but was not limited to: human
immunodeficiency viruses (HIV), syphilis, hepatitis B
and hepatitis C as per the NGSCR. The umbilical cords
were coded to protect donor identities and were processed
according to good manufacturing practice (GMP) compliant
conditions.

Isolation of the hWJ-MSCs was carried out as previously
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described (22) with some modifications. Briefly, the donor
tissue was transported to the laboratory tissue processing
facility under cold conditions (<20°C) in cold Dulbecco’s
phosphate buffered saline (DPBS), supplemented with 10X
amphotericin B and penicillin-streptomycin using previously
validated protocols. The tissue was quarantined at 2-8°C and
processed within 48 hours. Each umbilical cord was cut into
5 cm pieces. The tissue sample was washed 2-3 times with
DPBS supplemented with 2X antibiotic. The cord was cut
lengthwise and the blood vessels excised. The remaining
soft tissue was cut into 4-8 mm pieces and plated in 90 mm
petri dishes. The petri dishes were incubated at 37°C and 5%
CO,. Media change was carried out every three days until
the MSCs were 80% confluent. Cells were subcultured using
TrypLE™ Select and further culturing was carried out in T-75
or triple flasks up to the second passage, which comprised
the master cell bank and up to the sixth passage, which
comprised the working cell bank. Cells were cryopreserved
in 90% serum and 10% dimethyl sulphoxide (DMSO) using
a frosty in a -80°C freezer overnight, after which they were
transferred to liquid nitrogen for extended storage.

Passage 2 (P-2) and passage 6 (P-6) MSCs from five lots (5
donors) were subjected to the following characterisation and
analyses pre- and post-cryopreservation at 0, 6, 12, 18 and
28 months. Characterisation was carried out in accordance
with the International Society for Cellular Therapy (ISCT)
guidelines (23) and included the following:

Morphological evaluation

The cells were observed under an inverted microscope
for confirmation of fibroblastic morphology and adherence
to plastic.

Flow cytometry

This analysis was carried out to confirm that the
cells were MSCs. All antibodies were procured from
Biolegend. 0.5x10° cells of each sample were used for
flow cytometry. Viability was assessed using Zombie
Violet™ dye (0.092%, cat. no. 423113). The cells
were analysed for FITC conjugated CD90 (0.5%
concentration, cat. no. 328107), PE conjugated CD105
(0.5% concentration, cat. no. 323205) and PerCP
conjugated CD34 (0.2% concentration, cat. no. 343519),
CD45 (0.2% concentration, cat. no. 304025) and HLA-
DR (0.3% concentration, cat. no. 307627). Onecomp
EBeads (EBioscience cat. no. 01-1111-41) were used to
prepare single colour controls for the fluorescent labelled
antibodies and the cells were used to prepare a single
colour control for Zombie Violet. At least 20000 events
were recorded on an Attune Acoustic flow cytometer
(Thermo Fisher) and FlowJo software v7.6.5 was used for
data analysis. One sample of P-6 at 12 months was lost;
however, this did not affect the overall analysis.

Colony forming unit

For this assay, cells were seeded at a concentration of
1x10* in 60 mm petri dishes for approximately 10 days



and terminated when discrete colonies that comprised at
least 50 cells per colony were visible. After termination,
the cells were stained with 0.4% Sulforhodamine B
(SRB) in 1% acetic acid dye for visualisation (24) and
counted under an inverted microscope. Each experiment
was carried out in triplicate for three lots of the early and
late passages and at different time points.

Population doubling time

Atotal of 8x10° cells/cm? were seeded and the population
doubling time (PDT) was calculated as per the formula
recommended by the American Type Culture Collection

(ATCC):
DT=T In2/In(Xe/Xb)
Where:

T is the incubation time in hours.

Xb is the cell number at the beginning of the incubation time.
Xe is the cell number at the end of the incubation time.
The experiments were carried out for five lots from
passages 2 to 6.

Soft agar assay

This is an in vitro tumorigenic assay. A 2% base of agar
mixed with 2X medium (final concentration: 1% agar and
1X medium) was plated onto 60 mm petri dishes followed
by 1% agar mixed with 2X medium that contained a
1x10° cell suspension (final concentration: 0.5% agar
and 1X medium). A positive control was concurrently
run using MCF7, a breast cancer cell line. Growth was
observed over 21 days. The experiments were carried out
in duplicate for each passage and time points for all lots.

Karyotype analysis

This was carried out according to a modified protocol
described by Moorehead et al. (25). In brief, cells were
arrested in the log phase of growth by the addition of 1x10-
"M colchicine (final volume) and incubated for up to three
hours. Cells were enzymatically dispersed, washed and
given hypotonic treatment at 37°C with 0.075 M KCl for
15 minutes. The cells were repeatedly washed with fresh,
chilled Carnoy’s fixative and finally re-suspended in the
same. The cells were fixed onto chilled glass slides, air-
dried and stained for G-banding by trypsin with Giemsa
(GTG banding). At least five spreads were captured and
chromosomal analysis was carried out using Olympus
microscopes BX-41 and BX-43, and Cytovision software
from Leica.

Differentiation studies

Osteogenic, chondrogenic and adipogenic differentiation
studies were carried out per the manufacturer’s instructions.
The experiments were carried out in triplicate and repeated
twice forall five lots at passages 2 and 6 at all of the time points.
Miniaturized experiments were carried out in 96-well plates.
Each well was seeded with 5x10* cells and allowed to grow
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in normal growth medium. Differentiation media was added
once 70% confluency was achieved. This media change was
counted as the first day of differentiation. The spent media
was replaced with fresh differentiation medium every 48-72
hours for up to 18-21 days. Osteogenic differentiation was
confirmed by 2% alizarin red S staining while adipogenic
staining of lipid vesicles was by 0.21% oil red O staining.
The spent media was discarded, the cells were washed with
PBS and fixed with 4% paraformaldehyde (PFA). After
further washes with distilled water for alizarin red S and with
60% isopropyl alcohol (IPA) for oil red O, further incubation
was carried out in the dark. The stain was washed away and
cells were visualized under the microscope. Mineralized
osteoblasts appeared bright orange-red in comparison with
the control cells. Cells which have undergone adipogenic
differentiation have red coloured lipid vesicles, which are
not visible in control cells.

For chondrogenic differentiation, 1x10° cells in a centrifuge
tube that contained medium were centrifuged at 1000 rpm for
10 minutes. The supernatant was carefully discarded without
disturbing the pellet. Fresh media was added to the pellet, and
the centrifuge tube with a loosened lid was incubated at 37°C
in a 5% CO, humidified incubator for 48 hours following
which the growth medium was replaced with chondrogenic
differentiation medium. The pellet was gently re-suspended
and centrifuged at 1000 rpm for 10 minutes. Media change
was carried out every 48 hours for 18-21 days, during which
time the cells aggregated and formed spheroids. For the
staining procedure, a PBS wash was given and the spheroids
fixed with 1% PFA. After further washes, the spheroids were
stained with 1% alcian blue for 30 minutes. Excess stain was
removed by washing thrice with 0.1N HCL. Distilled water
was added to neutralize the acidity.

Statistics

Unless otherwise mentioned, the data are written as mean
+ SD. All data were subjected to two-way ANOVA using
GraphPad Prism Version 6.01 for Windows (GraphPad
Software, San Diego, USA) with P<0.05 considered as
significant.

Results

All cells from all of the five lots/donors exhibited normal
morphology with characteristic fibroblastic, spindle shaped
morphology and plastic adherent properties (Fig.1).

Flow cytometry studies for mean cell viabilities, and for
positive and negative markers across different lots, passages
and time points did not reveal any difference between freshly
isolated and cryopreserved cells (Fig.2A, B).

Figure 3A and B are representative flow cytometry
images of one lot for cell viability and positive markers,
respectively, across early and late passages at different
time points. This data indicated the stringency of the cell
manufacturing processes whereby cell specific markers
and viabilities were unaffected, and demonstrated that
extended cryopreservation did not negatively impact the
quality of the cells.
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Fig.1: Human Wharton’s jelly mesenchymal stromal cells (hWJ-MSCs) migrating after 7-10 days of explant culture as observed under an inverted microscope
(phase contrast: X4). The adherent cells appear typically fibroblastic. The first cells to migrate out of the tissue are denoted as passage-0 cells.
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Fig.3: Representative images for flow cytometry studies across early and late passages, and at different time points. A. Cell viability remained unchanged, and B.
Positive markers CD105 and CD90 were >95% in keeping with International Society for Cellular Therapy (ISCT) definitions for the mesenchymal stromal cells (MSCs).

Evaluation of the mean colony forming unit (CFU) potential
revealed that the duration of cryopreservation and passage
number had no effect on the number of colonies formed
(Fig.4A). Although there was some lot-to-lot variability, this
was anticipated due to the biological nature of the tissue. The
efficiency of the CFU remained stable despite the passage
number and cryopreservation, with an average of 66 + 18
colonies at P-2 and 62 + 12 colonies at P-6, and represents the
quality and stemness of the MSCs.

The PDT indicates the age of the cells and maybe a better
measurement of cell health than the passage number. The
mean PDT was 45.01 £ 9.44 hours across all lots, passages
and time points (Fig.4B).

After prolonged cell culture expansion and
cryopreservation, the MSCs did not show any growth

during the soft agar assay while the positive control
clearly showed in vitro tumorigenic potential (Fig.5A).

Karyotype analysis revealed normal karyotype for
all cells irrespective of lots, passages or duration of
cryopreservation (Fig.5B).

Both the soft agar and karyotype data were important
as cryopreservation, culture methods or reagents may
contribute to genotypic instability; however, we did not
see any evidence of the same in our studies.

The MSCs from all lots could be successfully
differentiated into osteogenic, chondrogenic and
adipogenic lineages at all passages and time-points post-
cryopreservation (Fig.6A-C). The differentiation potential
did not seem to vary. Since this was a qualitative analysis,
quantification could not be carried out.
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Discussion

Our study established the stability of cryopreserved WJ-
derived MSCs and demonstrated the feasibility of large-
scale working cell banks for clinical applications. The
cells were well within the characterisation parameters that
are globally recognized and accepted. Cell morphology,
CD markers and differentiation capacities were consistent
among different lots, passages and after 28 months of
cryopreservation in liquid nitrogen. Moreover, there
was no indication of chromosomal abnormalities in
the karyotype studies, nor did the cells display any
tumourigenic properties as evidenced in the soft agar

151

assay. CFU studies revealed retained stemness and PDT
showed largely unchanged growth patterns.

Other groups have carried out stability studies of
MSCs from alternate sources like bone marrow (26) and
recommended the use of bone marrow MSCs up to passage
4 after which signs of differentiation were observed.
Stultz et al. (27) applied spectral karyotyping as a tool
to study bone marrow MSCs and used FBS as a growth
supplement to culture cells up to passage 7. Their studies
indicated early passage abnormalities which decreased
inversely with increasing passages. Blazquez-Prunera et
al. (28) utilised a commercially available human plasma
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fraction to develop xeno-free MSCs from adipose tissue,
bone marrow and umbilical cord, and demonstrated the
suitability of human plasma derived growth supplements
for large scale expansions of stable cell populations.
Patrikoski et al. (29) comparatively evaluated culture
conditions of adipose derived MSCs using FBS, human
serum and commercially available serum-free medium
(STEMPRO). Although the results were comparable,
they advocated chemically defined media in lieu of serum
based media for better safety profiles during clinical
applications. However, in our opinion, this greatly
increases the cost of the final cell-based products. Many
have reported the potential of human umbilical cord
blood or cord tissue MSCs as the future of regenerative
medicine due to numerous desirable traits that included
availability, non-invasiveness, low immunogenicity and
better proliferative and differentiation capacities (30,
31). There are emerging reports about translational work
that used these cells for various applications (32-35). We
have demonstrated that WJ-MSCs have the stability and
requisite traits which are relevant for cell-based therapies.

Among other requirements, development of clinical
grade cells for therapeutic use necessitates stability
studies, especially if the intention is to create a large scale
stem cell bank that involves expansion of cultured cells.
This is required, not only for regulatory submissions,
but to determine the shelf life of the cell-based product.
We expanded the MSCs up to passage 6 without loss of
critical parameters. These cells are normal diploid cells
that follow the Hayflick limit (36) and can thus safely be
used for cell-based therapies.

Conclusion

We were able to develop and study fully characterized
Wl-derived MSCs of the master and working cell
banks, both before and after cryopreservation. These
studies were carried out in real time and demonstrate the
stability, stemness and regenerative potential of the cell
populations across various lots, early and late passages,
and at different thawing time points without the loss of
desirable characteristics up to 28 months. This validates
the robustness of the cell expansion to establish a large
scale cell bank that can be used for clinical applications.
The risk of transplantation of these xeno-free MSCs is as
much as or less than a blood transfusion and acceptable in
terms of safety, and scientific and regulatory perspectives.
Accordingly, we developed a method to derive human
serum from plasma which, in addition to complement
inactivation, was also subjected to cold viral inactivation
and served as a safe, feasible and economical cell culture
growth supplement. Further, we used recombinant trypsin
in the disaggregation process and thus eliminated all
possible sources of potential xeno contamination, which
is in keeping with the global alignment towards xeno-free
products. Establishment of a large scale cell bank involves
various processes and multi-level validations that include
procuring the umbilical cords, developing a master cell
bank and finally establishing release criteria for the final
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cell-based product. We recommend that future studies
evaluate the immune functions of MSCs; however, this
study was a major step towards our goal of developing

cell-based clinical applications.
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Abstract

Objective: This study evaluated a novel in vitro implantation model using human endometrial mesenchymal stem cells
(EMSCs), SUSD2*, and myometrial smooth muscle cells (SMCs) that were co-cultured with mouse blastocysts as the
surrogate embryo.

Materials and Methods: In this experimental study, SUSD2* MSCs were isolated from human endometrial cell
suspensions (ECS) at the fourth passage by magnetic-activated cell sorting. The ECS and SUSD2* cells were
separately co-cultured with human myometrial muscle cells for five days. After collection of mouse blastocysts, the
embryos were placed on top of the co-cultured cells for 48 hours. The interaction between the embryo and the cultured
cells was assessed morphologically at the histological and ultrastructural levels, and by expression profiles of genes
related to implantation.

Results: Photomicrographs showed that trophoblastic cells grew around the embryonic cells and attached to theECS
and SUSD2* cells. Ultrastructural observations revealed pinopode and microvilli-like structures on the surfaces of both
the ECS and SUSD2* cells. Morphologically, the embryos developed to the egg-cylinder stage in both groups. Gene
expression analysis showed no significant differences between the two groups in the presence of an embryo, but an
increased expression of aV was detected in SUSD2* cells compared to ECS cells in the absence of an embryo.

Conclusion: This study showed that SUSD2* cells co-cultured with SMCs could interact with mouse embryos. The
co-cultured cells could potentially be used as an implantation model.
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Introduction

Implantation results from successful interactions
between the embryo and endometrial epithelium during
the mid-secretory phase of the menstrual cycle when the
endometrium is receptive. At this so-called “window
of implantation”, ultrastructural alterations occur on
the surface of endometrial epithelial cells and serve
as important implantation markers of the receptive
endometrium (1, 2).

Human implantation proceeds through three main
stages: apposition, adhesion, and invasion. During the
apposition stage, the blastocyst interacts with the apical
surface of the luminal epithelium through two-way
molecular communication. During the receptive phase, the
luminal epithelial surface changes from a non-adhesive
to adhesive surface, which results in the appearance of
pinopodes and reduction of lateral junctional complexes.
During attachment, the embryo initiates a physical
connection with the apical surface of the endometrial
epithelium; however, during invasion, the trophoblast
cells penetrate between the epithelial cells, migrates to
and invades the blood vessels (3).

Impairment of implantation is considered a major
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cause of human pregnancy loss and infertility in assisted
reproductive technologies (ART) (4, 5). Improving ART
outcomes and preventing early pregnancy loss requires a
better understanding of the mechanisms of interactions
between the embryo and the endometrium during the
implantation process. Since the in vivo study of human
embryo implantation is unethical and has limitations, and
the results of studies performed in animal models are not
always applicable in humans, in vitro implantation models
using human cells provide an alternative approach (6).

In vitro implantation models are categorized into several
types (6). One mainly focuses on the interaction between
endometrial epithelial cells and the embryo to evaluate
the early stages of implantation (6-8). In another group
of implantation models, late stages of implantation are
studied through two-dimensional culture of endometrial
stromal cells with an embryo (6, 9). In more complex
models, endometrial epithelial and stromal cells are co-
cultured with an embryo in a three-dimensional culture
system, allowing the study of both early and late stages
of implantation (6, 10-12). Because of limited access
to human embryos, a number of studies have used
surrogate embryos in designing implantation models
(6). Several have employed mouse blastocysts (13, 14),



while most have used trophoblast spheroids derived from
trophoblastic cell lines (15, 16).

The human endometrium is a dynamic tissue that
undergoes cyclical shedding and regeneration during each
reproductive cycle. The identification of rare populations
of adult stem cells in both the stratum functionalis and
basalis suggest that they may play a critical role in
endometrial regenerative activities (17-19). Endometrial
stem/progenitor cells have adult stem cell characteristics
of clonogenicity, high proliferative potential and
multilineage differentiation potential (17, 20). They
comprise epithelial, mesenchymal, and endothelial stem/
progenitor cells. Endometrial mesenchymal stem cells
(EMSCs) are located ina perivascular region, and include
pericytes and perivascular cells (21). They are identified
by specific markers, such as co-expression of CD146 and
PDGF-Rp and a single marker, SUSD2 (W5C5) (17, 18,
22-26).

EMSCs have the potential to differentiate into several
cell types in vitro (18, 26); thus, they may have extensive
applications in cell therapy, tissue reconstruction,
and regenerative medicine (27, 28). There are limited
reports regarding the differentiation of endometrial
stem/progenitor cells into endometrial glands and
epitheliaupon transplantation under the kidney capsules
of immunodeficient mice (29). Recently, we showed
that CD146" cells isolated from human endometrium
differentiated into endometrial epithelial-like cells during
co-culture with myometrial smooth muscle cells (SMCs)
(30). Campo et al. (31) demonstrated that transplantation
of cultured human endometrial side population (SP)
cells, which were comprised of stromal and epithelial
cells, to a decellularised porcine uterus resulted in some
recellularisation with human vimentin positive stromal
cells and rare cytokeratin positive epithelial cells.
Recently, Lopez-Pérez et al. (28) reported that injection
of a human endometrial SP under kidney capsules
induced reformation of human endometrium, which was
confirmed by the presence of typical endometrial markers.
They concluded that these cells had the optimum capacity
to regenerate endometrial-like tissue.

Despite the differentiation potential of adult stem cells
to endometrial-like cells, and according to our knowledge,
few studies have designed an in vitro implantation model
by using these cell types. Thus, the aim of the present
study was to evaluate a novel in vitro implantation model
that mimics the in vivo condition by using human EMSCs
co-cultured with human myometrial SMCs to assess
implantation with mouse blastocysts as the surrogate
embryo.

Materials and Methods

All reagents were purchased from Sigma Aldrich
(Germany) unless otherwise indicated.

Human tissue collection

For this experimental study, human endometrial
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(n=10) and myometrial (n=10) tissues were obtained
from healthy fertile women (aged 25-40 years) during
the proliferative phase, and who were undergoing
hysterectomies for non-pathological conditions. The
women had not taken any exogenous hormones for three
months before surgery (Table S1, See Supplementary
Online Information at www.celljournal.org). Samples
were transported to the laboratory in equilibrated and pre-
warmed Leibovitz’sL-15 medium supplemented with 10
mg/ml human serum albumin, 100 IU/ml penicillin and
100 pg/ml streptomycin within 1-2 hours.

The Ethics Committee of the Medical Faculty of Tarbiat
Modares University (Tehran, Iran, no.1394.137) approved
this experimental study and written informed consent was
received from all patients.

Experimental design

Figure S1 (See Supplementary Online Information at
www.celljournal.org) shows the experimental design.
Human endometrial cells were isolated mechanically and
enzymatically from endometrial tissues and cultured up
to the fourth passage. Then, the SUSD2" cells were sorted
by magnetic activated cell sorting (MACS) and their
characteristics were confirmed by immunohistochemistry.
The endometrial cell suspensions (ECS) and sorted
SUSD2* cells were separately co-cultured with myometrial
smooth muscle for five days, after which the cultivation
period was extended for an extra 48 hours in the presence
or absence of mouse blastocysts in order to establish
two in vitro embryo implantation models. At the end of
the culture periods, the endometrial (ECS and SUSD2*
cells) and embryonic cell interactions were assessed by
morphological, ultrastructural and molecular studies.
Morphological evaluations of endometrial and
myometrial samples

Ten samples each of endometrial and myometrial tissue
were separately fixed in Bouin’s solution, processed,
embedded in paraffin wax and sectioned into 7 pum
thicknesses. After hematoxyline and eosin (H&E) staining,
the sections were observed with a light microscope and
their normal morphology was evaluated (32).

Isolation of human endometrial cells

Human endometrial cells were isolated from tissues as
per the Chan et al. (33) method. Briefly, human endometrial
tissue was washed in phosphate-buffered saline (PBS)
and then cut into small 1x1 mm pieces within Dulbecco’s
modified Eagle’s Medium/Hams F-12 (DMEM/F-12)
that contained 100 mg/ml penicillin G sodium and 100
mg/ml streptomycin sulphate B. The tissue fragments
were separated into single cells using collagenase type
1 (300 pg/ml) and deoxyribonuclease type I (40 ng/
ml) for 90 minutes together with a mechanical method.
To eliminate glandular and epithelial components, the
cell suspension was passed sequentially through sieves
of mesh at sizes of 100 and 40 um (SPL Life Sciences
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Co., Korea), respectively (34). Endometrial stromal cells
in the supernatant were cultured using DMEM/F-12 that
contained antibiotics and 10% fetal bovine serum (FBS,
all from Invitrogen, UK) and incubated at 37°C in 5%
CO.,. The cells were cultured up to passaged when they
reached to 80-100% confluency, used for the following
assessments.

Confirmation of endometrial mesenchymal cells using
flow cytometry

A number of the passage-4 endometrial cells were
evaluated for mesenchymal (CD90, CD73 and CD44)
and hematopoietic markers (CD45 and CD34) by flow
cytometric analysis. A total of 1x10° endometrial cells
were suspended in 50 ul of PBS and incubated with direct
fluorescein isothiocyanate (FITC)-conjugated antibodies
(anti-human CD90, CD44, and CD45, 1:50 dilutions) and
direct phycoerythrin (PE)-conjugated antibodies (anti-
human CD73 and CD34; 1:50 dilutions) at 4°C for 45
minutes. Finally, 200 pl of PBS was added and the cells
were examined with a FACSCaliburcytometer (Becton
Dickinson, Germany). The flow cytometric analysis was
repeated three times.

SUSD2*cell isolation by magnetic-activated cell sorting

After the fourth passage, the cultured human endometrial
cells were washed, resuspended (up to 1x107cells/100
ul) in cold PBS and incubated with mouse anti-SUSD2
monoclonal antibody (327401, 8:200, Biolegend, UK)
at 4°C for 30 minutes. The cells were washed with
MACS separation buffer (130-091-221, Miltenyi Biotec,
Germany), then they were incubated with goat anti-
mouse IgG Microbeads antibody (130047102, 20:100,
Miltenyi Biotec, Germany) at 4°C for 20 minutes. The
cell suspensions were washed and run through the MACS
column, followed by washing the column for three times
with 500 ul MACS separation buffer. Magnetically
labelled cells (SUSD2") were mostly retained on the
column and the unlabelled cells (SUSD2") were eluted.
Trypan blue staining (0.4%) was performed to determine
SUSD2* cell viability following MACS sorting. All
experiments were repeated three times.

Immunocytochemistry of sorted endometrial SUSD2*
cells

The purity of the magnetic bead-sorted human
endometrial (SUSD2*) cells was assessed by
immunocytochemistry (n=3 samples). These cells were
incubated with mouse anti-SUSD2 monoclonal antibody
(327401, 8:200, Biolegend, UK) at 4°C for 30 minutes.
After washing the cells with PBS, they were incubated
with secondary goat anti-mouse polyclonal antibody
conjugated with Alexa Fluor® 488 (405319, 1:100 in
PBS, Biolegend, UK) for 2 hours at 37°C and washed
three times with PBS. Nuclei were counterstained with
4’, 6-diamidino-2-phenylindole (DAPI, D9542, Sigma,
Germany) for 30 seconds. For negative controls, the cells
were treated with the 10% unimmunized mouse serum in
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PBS instead of primary antibody. All experiments were
repeated three times.

In vitro culture of human myometrial cells

After dissection, the tissue fragments of the myometrium
were cultured according to the explant method as reported
by Fayazi et al. (30). Briefly, the human myometrial
tissues (n=10) were washed with PBS and then cut into
1x1 mm pieces in DMEM/F-12 that contained 100 mg/ml
penicillin G sodium and 100 mg/ml streptomycin sulphate
B. Finally, the fragments were placed in each well and
the emerging cells were allowed to grow in complete
DMEM/F-12 supplemented with 10% FBS to confluency
at 37°C and 5% CO, for three weeks. The medium was
changed every two days. The characteristics of isolated
myometrial cells were confirmed by immunocytochemical
analysis.

Immunocytochemistry of myometrial cultured cells

Passage-2 trypsiniszed myometrial cells (n=3 samples)
were cultured on cover slips. After attachment, the
cultured cells were washed three times with PBS, fixed
with 4% paraformaldehyde at 4°C for 20 minutes, and
permeabilised with 0.3% TritonX-100 for 45 minutes.
Non-specific binding was blocked with 10% normal goat
serum in PBS. Cells were separately incubated with the
SMC markers, mouse anti-vimentin monoclonal antibody
(V6389, 3:100 in PBS, Sigma-Aldrich, Germany) and
rabbit anti-alpha smooth muscle actin polyclonal antibody
(ab5694, 1:100 in PBS, Abcam, UK) at 4°C overnight.
The cells were washed in PBS three times, and incubated
with secondary antibodies rabbit anti-mouse polyclonal
antibody conjugated with Texas red (315-075-003,
3:100 in PBS, Biolegend, UK) and goat anti-rabbit IgG
conjugated with FITC (ab6717, 1:1000 in PBS, Abcam,
UK) at 37°C for 2 hours. For negative controls, 10%
unimmunized mouse serum in PBS was used instead of
primary antibody. The immunocytochemistry analysis
was repeated three times.

Collection of mouse blastocysts

Adult, 8-10 week-old female (n=40) and 8-12 week-old
male (n=10) National Medical Research Institute (NMRI)
mice were housed and used under standard conditions for
laboratory animals at Tarbiat Modares University (Iran).
The Committee for Animal Research of the University
approved all of the experimental procedures. Adult female
mice were super ovulated with an intraperitoneal (i.p.)
injection of 7.5 IU pregnant mare serum gonadotropin
(PMSG, Folligon, Intervet, Australia) and then by an
i.p. injection of 10 IU human chorionic gonadotropin
hormone (hCG, Pregnyl, Netherlands) 48 hours later.
After the second injection, the mice were individually
mated with fertile males. On the morning of the fifth day
of pregnancy, blastocysts were flushed from the uterine
horns and the hatched blastocysts were used for the
experiments.
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Implantation models wusing SUSD2* cells and
endometrial cell suspensions

The SUSD2* cells (group 1) and ECS (group 2) were
separately co-cultured with myometrial cells as two
experimental groups. In each group, 10* SUSD2* or
ECS cells were cultured in 48-well plates with 5x10°
myometrial cells per well for five days. On the fifth day
of culture, the mouse blastocysts were placed on the top
of each well, with n=5 embryos in each well and a total
of 45 embryos in each group for at least 9 repeats. The
groups co-cultured in the absence of mouse blastocysts
were considered to be the control groups. Then, these cells
were cultured and monitored up to an additional 48 hours
and evaluated morphologically by inverted microscope,
live/dead staining, scanning electron microscope (SEM)
and analysis of gene expressions related to implantation.

Live/dead staining

We assessed the viability of the embryos and cells at
48 hours after the embryo culture on the top of each of
the co-culture experimental groups by using a live/dead
viabilitykit (L-3224, Invitrogen, UK). For this purpose,
the cells were incubated with calcein AM (green) and
ethidium homodimer-1 (EthD-1, red) for intracellular
esteraseactivity and plasma membrane integrity,
respectively, according to the manufacturer’s instructions.
Then, the embryos and cells were observed under a
fluorescent microscope (Nikon TE2000, Japan). This
experiment was performed in triplicate.

Scanning electron microscope

After two days of co-culture of the experimental
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groups with embryos, we examined the ultrastructure and
interaction of the implanted embryos with co-cultured
cells by SEM and compared them with their respective
controls (groups without embryos). The specimens were
fixed in 2.5% glutaraldehyde and post-fixed with 1%
osmium tetroxide in PBS for two hours. After dehydration
in an ascending ethanol series, the specimens were
dried in a freeze dryer (Snijders Scientific LYSFME,
Netherlands), mounted and coated with gold particles
(BalTec, Switzerland) and examined under SEM (Philips
XL30, Netherland). These experiments were repeated
three times.

Expression of implantation genes by real-time reverse
transcription polymerase chain reaction

We evaluated the expressions of genes related to
implantation: a} and f3 integrin, interleukin-1 receptor
(IL-1R), leukaemia inhibitory factor (LIF) and LIF
receptor (LIFR). Total RNA was extracted from the
collected cells after seven days of co-culture in both
groups in the presence and absence of mouse embryos
(5 embryosper well and, in total, 15 embryos per group
with at least 3 replicates) using TRIzol (Invitrogen, UK).
The concentration of isolated RNA was determined by a
spectrophotometer, then cDNA was synthesized using a
cDNA kit (Thermo Scientific, Lithuania, EU) in a total
volume of 20 pl and the samples were stored at -80°C
until analysis. As shown in Table 1, the primers were
designed based on human mRNA coding sequences using
GenBank (http://www.ncbi.nlm.nih.gov) and synthesized
at CinnaGen Company (Iran). The S-actin gene was used
as an internal control.

Table 1: Characteristics of primers used for the real-time RT-PCR assay

Target gene Primer pair sequences (5'-3") Accession number Fragment size (bp) Temp. ("C)
aV F: ATCTCAGAGGTGGAAACAGGA NM_002210.4 21 58.09
R: TGGAGCATACTCAACAGTCTTTG 23 58.68
B3 F: AGTAACCTGCGGATTGGCTTC NM 000212.2 21 60.68
R: GTCACCTCGTCAGTTAGCGT 20 59.76
LIF F: CCAATGTGACGGACTTCCC NM_002309.4 19 58.15
R: TACACGACTATGCGGTACAGC 21 59.94
LIFR F: TGTAACGACAGGGGTTCAGT NM _001127671.1 20 58.58
R: GAGTTGTGTTGTGGGTCACTAA 22 58.46
IL-1R F: GGCACACCCTTATCCACCAT NM _001261419.1 20 59.74
R: GCGAAACCCACAGAGTTCTCA 21 60.54
P-actin F: TCAGAGCAAGAGAGGCATCC NM 001101.3 20 60.5
R: GGTCATCTTCTCACGGTTGG 20 60.5
RT-PCR; Reverse transcription polymerase chain reaction.
157 Cell J, Vol 23, No 2, July 2021
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After cDNA synthesis, real time reverse transcription
polymerase chain reaction (RT-PCR) was performed by an
Applied Biosystems real-time thermal cycler according to a
QuantiTect SYBR Green RT-PCR kit (Applied Biosystems,
UK). For each sample, the target genes and the reference gene
were amplified in the same run and melting curve analysis
was used to confirm the amplified product. Real-time thermal
conditions included a holding step: 95°C for 10 minutes and a
cycling step: 95°C 15 seconds and 60°C 1 minute, followed by
amelting curve step: 95°C 15 seconds, 60°C 1 minute and 95°C
15 seconds. The Pfaffl method (35) was used to determine the
relative quantification of target genes to the housekeeping
gene. All experiments were repeated three times.

Statistical analysis

Quantitative variables were expressed as mean + SD.
The results of real-time RT-PCR were compared by the
independent samplest test, one-way ANOVA and post
hoc Turkey’s tests. P<0.05 were considered statistically
significant. Statistical analysis was performed using SPSS
software (V24, SPSS Inc., Chicago, IL, USA).

Results

Morphology of human endometrial and myometrial tissue

H&E stained sections of human endometrial tissue from
the proliferative phase showed typical morphologies of the
basalis and functionalis layers (Fig.1A, B). The glands were
lined with simple columnar epithelium (arrow) and the
stroma comprised fibroblast-like stromal cells. The normal
morphology of SMCs in myometrial tissue after H&E

staining are presented in Figure 1C and D.

The morphology of cultured endometrial cell suspensions,
SUSD2* and myometrial cells

Dissociation of the endometrial tissue yielded single cell
suspensions of epithelial cells and stromal cells. At passage
4, cultured ECS showed a typical fibroblast morphology
(Fig.2A). The morphology of cultured SUSD2-sorted cells
under inverted microscope is shown in Figure 2B. Explant
cultures of myometrium yielded stellate or triangular shaped
cells (Fig.2C), which became confluent after three weeks
of culturing. Their immunostaining with o-smooth muscle
actin and vimentin are presented in Figure 2 D-F and G-I,
respectively, which confirmed their smooth muscle identity.

Phenotypic analysis of cultured endometrial stromal cells

After the fourth passage, the endometrial cells showed the
typical mesenchymal stem cell surface phenotype for markers
CD73 (97.7 £ 1.5%), CD90 (87.3 + 2.1%) and CD44 (69.1
+ 2%). They were negative for hematopoietic markers CD34
(1.99 £ 0.1%) and CD45 (1.03 £ 0.06%) as mentioned in our
previous study (36).

Cell survival and the percent of SUSD2*cells after sorting

The survival rate of sorted SUSD2" cells after MACS
isolation was 91 =+ 3.4%. The confirmation of the sorted cells
by immunocytochemistry for the SUSD2 marker showed that
88 +2.7% of the nucleated cells were positive for the SUSD2
antibody (Fig.2J-L).

Fig.1: Light microscopic observation of hematoxyline and eosin (H&E) stained sections. A, B. Human endometrial tissue sections, C, D. Human myometrium
tissue sections. GE; Glandular epithelium, SE; Surface epithelium, and S; Stroma, simple columnar epithelium of gland (black arrow).
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Fig.2: Phase contrast and immunohistochemistry of human cultured endometrial amd myometrial cells. A. Phase contrast imaging of cultured
human endometrial cell suspension (ECS) at passage 4, B. SUSD2* cells after separation and sorting by magnetic-activated cell sorting and C. Human
myometrial cultured smooth muscle cells (SMCs) 25 days after tissue culture. The black arrows show the border of tissue explant as a dark colour. D-F.
Immunofluorescence staining of cultured myometrial cells with anti-alpha SMC actin antibodies. D. The cytoplasm is stained green with fluoresce in
isothiocyanate (FITC)-conjugated secondary antibody, E. The nucleus is stained red with propidium iodide, and F. The merged image is presented in third
column. G-I. Immunofluorescence staining of cultured myometrial cells with anti-vimentin antibodies. G. The cytoplasm is stained red with Texas red-
conjugated secondary antibody, H. The nucleus is stained blue with 4’, 6-diamidino-2-phenylindole (DAPI), and I. The merged image is presented in the
third column. J-L. Immunocytochemistry of magnetic activated cell sorting (MACS)-sorted cells for SUSD2 is demonstrated. The sorted cells were shown in
(J) that stained with nuclear staining by DAPI were demonstrated in (K) and the merged figure is shown in (L). The green colour shows the positive reaction
for SUSD2 expression and blue colour is related to nuclear staining by DAPI.

Light microscopic observation of implantation
models

groups. The trophoblastic cells migrated from the
embryos and proliferated, and the embryonic cells
spread on the endometrial/myometrial cell layer and

Phase contrast imaging of implantation models using were tightly attached (Fig.3, second column)

mouse blastocyst in studied groups were demonstrated

in Figure 3A-F. The morphology of ECS and SUSD2* The vital live/dead staining of the embryos on the

cells co-cultured with myometrial SMCs without
embryos showed a flattened monolayer of spindle-
shaped cells after the cultivation period (Fig.3, first
column).

However, the implanted mouse embryos
incubated with the co-cultures demonstrated similar
morphological features between the ECS and SUSD2*

co-cultured cells shows that all of the mouse implanted
embryos were viable after 48 hours of culture (Fig.3,
third column).

Electron microscopic observation of implantation
models

SEM evaluation of mouse blastocyst implantation
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on top of the ECS co-cultured with myometrial SMCs
and the SUSD2* cells co-cultured with myometrial
SMCs are shown in Figure 4A-E and F-J, respectively.
Ultrastructural evaluation of the human ECS or
SUSD2" cells co-cultured with human myometrial
cells demonstrated that both had similar flattened
spindle-shaped and flattened cells attached to the
plate (Fig.4A, F). Some surface apical projections
were seen on the endometrial cells adjacent to the
implanted embryos, and these projections were similar
to pinopodes (red arrowhead, Fig.4D, I) and microvilli
(yellow arrowhead, Fig.4D, I).

The images obtained from the SEM indicated vertical
growth of the embryos and the formation of mouse
egg-cylinders in both studied groups. However, two
different morphologies related to implanted embryos
were observed at the ultrastructural level in each group:
one with the presence of polarized cells (epiblast
cells) arranged radially around the lumen of the pro-
amniotic cavity and the other without polarized cells.
This observation showed embryonic development on
these co-cultures.

Molecular analysis of implantation models

Figure 4K shows a comparison of the ratios of gene
expressions related to implantation (aV, 3, IL-IR, LIF

e Y
0 hour 48 hours-
100 pm
3
A
A

and LIFR) to f-actin in both implantation models to
the expression of f-actin in both implantation models
in the absence or presence of embryos.

In the absence of embryos, the ratios of the expression
of genes to that of the housekeeping gene were 0.65
+ 0.01 (aV), 0.97 £ 0.18 (83), 0.57 £ 0.01 (/L-1R),
0.81 £ 0.11 (LIF) and 0.95 £ 0.18 (LIFR). These ratios
in SUSD2" cells co-cultured with SMCs were 0.59 +
0.005 (a¥), 1.25 £0.21 (53), 0.62 + 0.08 (/L-1R), 1.02
+ 0.07 (LIF) and 0.99 + 0.06 (LIFR). The expression
of al significantly increased (P=0.003) in SUSD2*
cells compared to ECS. Expressions of the 3, IL-IR,
LIF and LIFR genes were not significantly different
between the two groups.

In SUSD2" cells that were co-cultured with the
embryo had the following ratios of expression: al
(0.61 £ 0.03), £3 (1.10 = 0.25), IL-1R (0.59 + 0.02),
LIF (0.79 = 0.04) and LIFR (1.42 £ 0.60) compared to
S-actin. In the ECS cells, these rates were: 0.57 = 0.02
(aV), 1.34+0.51 (53),0.59+0.04 (IL-1R), 0.77 £ 0.04
(LIF) and 1.30 £ 0.37 (LIFR). There was no significant
difference between the two groups.

The expression of genes related to implantation was
not significantly different between the groups in the
presence and absence of mouse embryos.

Fig.3: Phase contrast imaging of implantation models using mouse blastocyst in studied groups. A-C. The implantation of mouse embryo on top of
the human endometrial cell suspension (ECS) and D-F. The embryo implanted on top of SUSD2* cells co-cultured with myometrial smooth muscle
cells (SMCs). First column showed the figures at the start (0 hours) of co-culture and in the second column showed after 48 hours of co-culture. The
black arrows indicate the mouse blastocysts during the co-culture period, the black arrowheads indicate the expanded trophoblastic cells, and the
white arrowheads indicate the human endometrial cells co-cultured with SMCs as the feeder layer. Fluorescence microscopy imaging of implanted
mouse blastocyst in studied groups using a live/dead viability kit. C. ESC co-cultured with myometrial SMCs and F. The SUSD2* cells co-cultured with
myometrial SMCs. The white and black arrows indicate the mouse blastocysts and the white arrowheads demonstrate the feeder layer. Viable cells

were stained green.
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Fig.4: Scanning electron micrographs of studied implantation models. A-E. The micrographs of mouse blastocyst implantation on top of the endometrial
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implanted on the SUSD2* cells co-cultured with myometrial SMCs at different magnifications. Two types of morphology were seen in the mouse embryos.
White arrowheads; Mouse embryo (egg-cylinder), White arrow; Lumen of the pro-amniotic cavity, Red arrowheads; Pinopode-like structures, Yellow
arrowheads; Microvilli-like structures, and EPI; Pluripotent epiblast, and K. Comparison of expression profiles of genes related to implantation relative
to f-actin as the housekeeping gene are presented in ECS and SUSD2* cells co-cultured with SMCs in the absence and in the presence of embryos. *;
Significant differences with ECS/SMCs group (P=0.003), IL-1R; Interleukin-1 receptor, and LIFR; Leukaemia inhibitory factor receptor.

Discussion

Considering the differentiation potential of EMSCs,
SUSD2* stem cells were used in the present study, for the
first time, to create a new model of embryo implantation
in comparison with an endometrial cell suspension that
used mouse blastocysts as the surrogate embryo. For this
purpose, SUSD2" mesenchymal stem cells were isolated
and co-cultured with SMCs and mouse blastocysts. Our
results at the morphological and ultrastructural levels
showed that the mouse blastocysts could interact with ECS
and SUSD2" cells and advance through the early stages of
in vitro development within 48 hours. Moreover, electron
micrographs indicated the ultrastructural changes in
endometrial epithelial-like cells, including the appearance
of pinopode-like and microvilli-like structures that are
markers for early stages of implantation.

In another point of view, the ultrastructure of mouse
embryos in the present study indicated the progression of
their developmental stages and the formation of an egg-
cylinder. This stage of in vitro development is observed

before gastrulation in mouse embryos (37, 38).

Evaluation of the expression of genes related to
implantation in ECS and SUSD2* cells after co-culture
with SMCs indicated that these genes were expressed.
Moreover, there was an increase in the expression of
aV in SUSD2* cells compared to ECS. No significant
differences were observed in the expressions of the
other genes (f3, IL-IR, LIF and LIFR) between these
groups. These data showed that SUSD2* EMSCs are
multipotential cells that could differentiate to endometrial-
like cells. Similarly, Fayazi et al. (30) revealed that
CD146* endometrial cells could express genes related
to implantation, including secreted phosphoprotein 1
and matrix metalloproteinase-2, after differentiation into
epithelial-like cells. In agreement, Lii et al. (11) showed
that, after co-culturing endometrial epithelial and stromal
cells with SMCs, the reconstructed tissue expressed (3
integrin, heparin-binding epidermal growth factor-like
growth factor, and HOXA-10.

Our results showed no significant differences between
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the studied groups in the presence and absence of mouse
embryos regarding the expression of genes related to
implantation. It seems that epithelial-like cells derived
from SUSD2" stem cells and ECS in the presence of
mouse embryo exhibit the same gene expression profile as
that in the absence of an embryo. Thus so far, no evidence
has been reported to evaluate the effects of embryos on
the expression of genes related to implantation in cultured
endometrial stem cells. In relation to this, Popovici et
al. (39) have reported that co-culture of trophoblast with
endometrial stromal cells reduces the expression of matrix
metalloproteinase-11 and increases the expression of IL-1
receptors in these cells. It has been suggested that the
difference in the species sources of embryo and cultured
cells (human endometrial cells and mouse embryos) in
our study can affect the expression pattern profile of genes
related to implantation and/or the expression of these genes
may be time-dependent. Considering that implantation has a
wide genomic profile, gene expression analyses in this study
were not timed according to their in vivo time of expression.
Moreover, possibly during the expansion of SUSD2* cells
in culture, they undergo some changes depending on cell
density, cell-cell contact, and Notch signalling (40). In the
present study, the endometrial tissue samples were collected
from a population between 25 and 40 years of age. It should
be mentioned that the age of human samples as a source of the
endometrial cells might affect embryo implantation and the
expressions of genes related to implantation. Nevertheless,
due to a limited sample size and some limitations to prepare
more human tissue in this study, this should be considered in
further investigations.

Conclusion

This study showed that SUSD2* cells during co-culture
with SMCs can interact with mouse embryos. These
co-cultured cells have the potential to be used as an
implantation model.
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Abstract
Objective: Alpha-lipoic acid (ALA) as a strong antioxidant has a protective effect. This study was designed to assess
wfhettrrller slupplementation of maturation medium with ALA during in vitro maturation (IVM) can attenuate the toxic effect
of ethanol.

Materials and Methods: In this experimental study, to assess the antioxidant capacity of ALA challenged by 1% ethanol
during in vitro maturation, immature ovine oocytes were exposed to 1% alcohol in the presence or absence of 25 yM
ALA during oocyte maturation. The cumulus expansion index, intracellular reactive oxygen species (ROS), and thiol
content levels were assessed in matured oocytes of various treatment groups. Consequently, the blastocyst formation
rate of matured oocytes in various treatment groups were assessed. In addition, total cell number (TCN), cell allocation,
DNA fragmentation, and relative gene expression of interested genes were assessed in resultant blastocysts.

Results: The results revealed that alcohol significantly reduced cumulus cells (CCs) expansion index and blastocyst
yield and rate of apoptosis in resultant embryos. Addition of 25 yM ALA to 1% ethanol during oocyte maturation
decreased ROS level and elevated Thiolcontent. Furthermore, supplementation of maturation medium with ALA
attenuated the effect of 1% ethanol and significantly increased the blastocyst formation and hatching rate as compared
to control and ethanol groups. In addition, the quality of blastocysts produced in ALA+ethanol was improved based
on the low number of TUNEL positive cells, the increased expression level of mMRNA for pluripotency, and anti-oxidant
markers, and decreased expression of apoptotic genes.

Conclusion: The current findings demonstrate that ALA can diminish the effect of ethanol, possibly by decreasing the
ROS level and increasing Thiolcontent during oocyte maturation. Using the ALA supplement may have implications in
protecting oocytes from alcohol toxicity in affected patients.
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Introduction

Ethanol can be used as a cryoprotectant (1) and also a
chemical activator for artificial activation of oocytes and
reconstructed oocytes (2). However, high concentrations
of alcoholcan not only influence the biological nature
of somatic cells but also adversely affect the germ cell
ofspermatogenesis. While there are limited studies
addressing the effect of ethanol on gametogenesis and
preimplantation embryos (3), many studies have shown
that ethanol at high concentrations can be a teratogen for
developing embryos after implantation. The molecular
pathway through which it induces fetal teratogenicity
is well studied and has led to public awareness to avoid
alcohol consumption throughout pregnancy (4).
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Alcohol use and heavy drinking are common during
adolescence, and its prevalence escalates into late
adolescence and early adulthood, which have a devastating
effect on an individual’s health (5) and may lead to
abortion, birth defects, and developmental disabilities
(6). In a recent study using porcine embryos, Larivicre
et al. (3) showed that the presence of physiological doses
for several days is toxic for porcine pre-implantation
embryos and leads to mitochondrial impairment. These
authors attribute this effect to vulnerability of embryos
during differentiation of the inner cell mass (ICM)
and trophectoderm (TE) cells which requires massive
reorganization at genomic, epigenomic and mitochondrial
level. Similar results were reported by Maier et al. (7)



who showed that alcohol toxicity at blastocyst stage
cases alteration at transcriptomic level, resembling when
neurons are exposed to alcohol.

Despite numerous studies on the effect of oxidative
stressors on early embryos (7), to our knowledge, there are
few studies thataddressed the impact of alcohol toxicity
during oocyte maturation on the competency of oocytes
to process the sperm genome during fertilization. Inthis
regard (8), have shown that ingestion of 10% ethanol
for 15 days can cause a significant reduction in the ratio
of blastocyst expansion and hatching, and also impair
trophoblast invasion. Furthermore (9), have revealed that
treating porcine oocytes with 1 and 3% ethanol during
in vitro maturation promotes the generation of reactive
oxygen species (ROS) and diminish glutathione (GSH)
level in treated oocytes.These oocytes had significantly
lower cleavage rate and produced less blastocyst following
in vitro fertilization (IVF).

Alpha-lipoic acid (ALA), as a disulfide derivative of
octanoic acid, is well-known for its antioxidant capacity
in various biological processes and also scavenging ROS
(8). Ithas been proposed that ALLA is a potential therapeutic
agentin the treatment or prevention of different pathologies
that may be related to an imbalance of oxidative cellular
status (9). It has been well studied that ALA could be
effective in preventing ethanol-induced neurotoxicity in
the clonal hippocampal cell line HT22 (10). Furthermore,
ALA inhibited toxicant-induced inflammation and ROS
generation in hepatic stellate cell activation and liver
fibrosis (11). In addition, many studies suggest ALA for
thetreatment of diabetic peripheral neuropathy (12).

For the investigation of the possible effect of ALA to
rescue the development of oocytes exposed to ethanol
during oocyte maturation, this study was designed to
assess whether supplementation of maturation medium
with ALA during in vitro maturation (IVM) can attenuate
the toxic effect of ethanol.

Materials and Methods

Media and chemicals

In this experimental study, all media and chemical
reagents were obtained from Gibco (Grand Island, NY,
USA) and Sigma Chemical Co. (St. Louis, MO, USA),
respectively, unless otherwise specified.

All animal experiments were approved by the
Institutional Review Board and Institutional Ethical
Committee of the Royan Institute (95000229).

Cumulus-oocyte complexes recovery and in vitro
maturation

Abattoir-derived ovaries from ovine were used as
the source of oocytes. Ovaries were transported to the
laboratory within the minimum possible time (2-3 hours)
in saline solution (0.90% w/v NaCl) at 15-20°C. After
trimming and washing, they were stored for 12 hours
at 15°C (13). Cumulus-oocyte complexes (COCs) were
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aspirated from the antral follicle (2-6 mm diameter) with
the aid of a 20-G needle attached to a vacuum pump (80
mm Hg). Thereafter, the best quality COCs with at least
threelayers of cumulus cells (CCs) and, intact and evenly
granulated cytoplasm were randomly allocated into one of
three experimental groups (Fig.1A). COCs were matured
in tissue culture medium 199 (TCM199) containing
10% fetal bovine serum (FBS), follicle-stimulating
hormone(FSH, 10 pg/mL), luteinizing hormone(LH,
10 pug/mL), estradiol-17b (1 pg/mL), cysteamine (0.1
mM) (maturation medium: MM) at 38.8°C, 5% CO, and
humidified air for 22 hours (14).

Cumulus expansion index

Cumulus expansion index of COCs was scored 24
hours after maturation based on Vanderhyden et al. (15).
Expansion was scored 0-4: Score 0: no expansion in CCs
(Fig.1B,); score 1: no expansion in CCs but cells appear
as spherical (Fig.1B,); score 2: only the outermost layers
of CCs expanded (Fig.1B,); score 3: all layers of cells
expanded except the corona radiate (Fig.1B,); and score
4: expansion occurred in all layers of cell (Fig.1B,).This
experiment was done in triplicate, and in each replicate, at
least 30 matured COCs were assessed.

Measurement of thiol content

Cell Tracker™ Blue CMF2HC (4-chloromethyl-6,
8-difluoro-7-hydroxycoumarin) (C12881, Molecular
Probes), a membrane-permeable fluorescence probe
was used as a sensitive and specific probe to evaluate
intracellular thiol content, especially GSH (16-18).
Following the maturation of COCs in various treatment
groups, matured COCs were denuded by vortexing for
3-5 minutes in HEPES-buffered TCM199 (H-TCM199)
supplemented with 300 IU/ml  hyaluronidase.
Subsequently, denuded matured oocytes were exposed
to 20 uM Cell Tracker Blue CMF2HC for 20 minutes
at 38.5°Cin the dark and then washed three times
with phosphate buffer solution without calcium and
magnesium (PBS-) containing 1 mg/ml polyvinyl alcohol
(PVA). The oocytes were then placed into 10 pl droplets
of PBS+PVA and observed using an inverted fluorescent
microscope (Olympus, 1X71, Japan). Immediately after
exposure, a digital image of each matured oocyte was
taken with a highly sensitive camera (DP-72, Olympus,
Japan) operated on DP2-BSW software. The fluorescence
intensity of oocytes was analyzed using ImagelJ software
(National Institutes of Health, Bethesda, MD). Assessing
oocyte thiol content was done in three replications, and
at least 30 matured COCs were used in each replication.

Measurement of reactive oxygen species

The procedure for ROS measurement was as described
previously (16, 17). In brief, after the preparation of
matured oocytes similar to the previous section (the
measurement of thiol content), oocytes were exposed to 10
uM DCHFDA (2, 7-dichloro dihydroflouresceindiacetate,
Sigma, D6883) for 30 minutes at 38.5°C in the dark and
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then washed extensively in PBS. For themeasurement of
ROS levels, matured oocytes were exposed to UV light
of a fluorescent microscope (Olympus, [X71, Japan) and
observed using filter sets (excitation wavelength: 450-490
nm, emission wavelength: 515-565 nm). Taking digital
images and quantification of fluorescent intensity was
exactly the same as the previous section. The measurement
of ROS level was done in three replications and using at
least 30 matured COCs in each replicate.

In vitro fertilization

Fresh ram semen was washed and centrifuged two times
and resulted pellet was re-suspended with fertilization
medium containing 2 mg/ml BSA (18, 19). Matured COCs
from various treatment groups were washed separately in
fertilization medium, and groups of 10 matured COCs
were transferred into 50 pl droplets of fertilization
medium containing 2x10%ml motile sperm under mineral
oil as previously described (20). The inseminated COCs
were incubated for 20 hours in 5% CO, in humidified air
at 38.5°C. Thereafter, presumptive zygotes mechanically
denuded via pipetting and then cultured in groups of five
to seven in modified synthetic oviductal fluid (mSOF)
(21) under mineral oil at 38.5°C, 5% CO,, 5% O, and
humidified air for seven days in 20 ul droplets. The
cleavage, blastocyst, and hatching rates were evaluated
on days 3, 7, and 8 post-fertilization, respectively. The
number of replications and matured oocytes in each group
is depicted in Table 1.

Differential staining

In order to determine the number of ICM and TE,
differential staining was carried out as described
previously (22). In brief, hatched blastocysts onday 8
from various treatment groups were used for staining.
Thereafter, blastocysts were washed in PBS+PVA and
permeabilized with 0.5% triton-X-100 in H-TCM199
containing 5 mg/ml BSA for 30 seconds. Then, blastocysts
were stained with 30 pg/ml propidium iodide (PI) for 10
seconds. Subsequently, blastocysts were transferred to 10
mg/ml Hoechst at 4°C for 15 minutes. Finally, blastocysts
were mounted in mounting fluid and observed under a
fluorescence microscope. ICM and TE were recognized
based on their blue and red colors, respectively. Finally,
the total cell number (TCN: ICM+TE) was also assessed.

Totally 30 blastocysts were used for differential staining
in at least three replications.

DNA fragmentation

To determine the apoptotic cells in blastocysts from
various treatment groups, in situ cell death detection kit
(Promega Diagnostic Corporation, Germany), known
as TUNEL (TdT-mediated dUTP-digoxigenin nick end
labeling) (20). Initially, hatched blastocysts onday 8 were
fixed with 4% freshly prepared paraformaldehyde for
60 minutesatroom temperature (RT). After washing the
blastocysts with PBS+PVA, they were permeabilized with
0.5% triton-X-100 for 30 minutes in RT. Subsequently,
blastocysts were equilibrated in equilibration buffer (EQ)
in RT for 10 minutes and after that incubated in rTdT
Incubation Buffer (EQ 45 pl+5 pl nucleotide mix+1
pl rTdT enzyme) for 60 minutes in 37°C in darkness
and humid environment. Immediately the reaction was
inhibited by incubating the blastocysts in 2X SSC buffer
for 15 minutes in RT. Finally, the blastocysts were
counterstained with 10 pg/ml for 5 minutes, and after
washing, they were mounted on microscopic slides and
observed under a fluorescence microscope (Olympus,
Japan). Total nuclei were counted by PI, and cells were
considered as TUNEL positive if their nuclei showed light
green. Totally 30 blastocysts were used for TUNEL assay
in at least three replications.

Gene expression analysis

Pools of expanded blastocysts in day 7 (5 in each
pool) in three independent replicates were used for
RNA extraction using the RNeasy Micro Kit (QIAGEN,
Cat. No.74004, Germany). Reverse transcription was
immediately performed using a QuantiTect Reverse
Transcription (RT) Kit (QIAGEN, Cat. No.205311,
Germany). The c¢cDNA was stored at -70°C until
analysis by quantitative polymerase chain reaction
(qPCR) using standard conditions. Ct values used
for calculating relative expression were normalized
against the reference gene (f-ACTIN). Three technical
replicates were done in each PCR reaction that
wasrepeated three times. AACT method was used to
estimate fold changes between genes of interest. The
primer sequences, annealing temperature, and product
size are listed in Table 2.

Table 1: Development of preimplantation ovine embryos after treatment of immature COCs with 1% ethanol or 25 uM ALA+1% ethanol compared to
the control group

Treatment Number of oocyte Number of cleavage (%) Number of blastocyst (%) Number of hatching
Control 1106 982 (86.9 £2.57) 430 (34.19 £ 4.67)" 107 (27.77 £ 3.84)"
Ethanol 1415 1091 (75.47 £2.37)° 194 (18.19 £2.81)° 47 (16.66 + 4.85)"
ALA+ethanol 1621 1522 (98.65 £ 0.37)" 651 (49.76 £ 1.98)° 136 (33.33 £3.61)"

Data are presented as mean + SEM. Different letters in each column indicates statistically significant differences (P<0.05). COCs; Cumulus oocyte complexes

and ALA; Alpha-lipoic acid.
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Table 2: Primer sequence

Gene name Primer sequences (5°-3") Annealing temp. (°C) Accession number

p- ACTIN F: CCATCGGCAATGAGCGGT 58 NM _001009784.2
R: CGTGTTGGCGTAGAGGTC

BCL2 F: AGCATCACGGAGGAGGTAGAC 62 XM 012103831.2
R: CTGGATGAGGGGGTGTCTTC

BAX F: AGCGAGTGTTCTGAAGCG 60 XM 015100639.1
R: CCCAGTTGAAGTTGCCGT

CASPASE3 F: GCTACAAGGTCCGTTATGCC 59 XM 015104559.1
R: GATGCTGCCGTATTCGTTCTC

GPX4 F: TCAATCACTTCCTCACTCAGACTG 57 XM _015096017.1
R: GTGTGCTGGGCGACTGTATC

SOD1 F: TGGCAGAGATGATACAGAGG 55 NM_001145185.1
R: GAACTACAGCGGAGGTAAAC

OCT4 F: AGCGAGTGTTCTGAAGCG 50 XM_004018968.3
R: CCCAGTTGAAGTTGCCGT

NANOG F: ATCACCATCTTCCAGGAGCGA 54 XM _004006901.3

R: TTCTCCATGGTGGTGAAGACG

Experimental design

As is demonstrated in Figure 1A, the experimental
groups included: i. Control group; COCs were cultured in
MM, ii. ALA+ethanol group; COCs were cultured in MM
in the presence of 25 uM ALA (23) which was diluted in
ethanol and final concentration of ethanol in MM reached
to 1% (v/v) (24). The concentration of ALA was chosen
based on the literature in farm animal species (21), iii.
Ethanol group COCs were cultured in MM in the presence
of 1% ethanol (v/v) based on the concentration of Ethanol
which was used for dilution of ALA. 1% alcohol was used
based on the legal limit of intoxication in human serum
or 0.8% in the blood as the concentration of alcohol in
human serum (25). In addition, we should mention that
while the solvent of ALA is ethanol, we can’t have a
separate ALA group.

Data analysis

Wherever possible, data were presented as mean + SEM.
All percentage data were analyzed by SPSS16.0 statistical
software (IBM Corporation, Somers, NY, USA). The
normality of data and equality of variances were checked
using Kolmogorov-Smirnov and Levene tests, respectively.
Cumulus expansion index (CEI) was analyzed using a
nonparametric Kruskal-Wallis test. Furthermore, because
CEI is a nonparametric data, they were presented as only

mean without any SEM. Other data were analyzed using a
one-way ANOVA followed by LSD test. The differences
were considered significant at P<0.05.

Results

The effect of ethanol and alpha-lipoic acid on cumulus
expansion was investigated in matured oocytes. As
shown in Figurel1C, D, the analysis of CEI data revealed
a significant reduction in the expansion of CCs in ethanol
group (1.1) as compared to control (3.1) and ALA+ethanol
(3.37) (P<0.05). The CEI was similar between control and
ALA-+ethanol group (P>0.05).

Following staining with Cell Tracker Blue CMF2HC
to assess thiol content in matured oocytes, the CMF2HC
intensity in ALA+ethanol group (129.1 + 2.11) was
significantly higher than control (100) and ethanol (98.2
+ 1.54) groups (P<0.05, Fig.2A, B).

The level of intracellular ROS was assessed following
staining with DCHFDA by measuring fluorescent
intensity in matured oocytes. As it is depicted in Figure
2C and 2D, treatment of COCs with 25 uM ALA in the
presence of 1% ethanol decreased the DCHFDA intensity
(76.4 = 1.47) as compared to ethanol (118.1 + 1.78) and
control group (100 £ 2.21) groups (P<0.05). However,
there was no significant difference between control and
ethanol groups (P>0.05).
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Fig.1: The schematic presentation of experimental design. A. Experimental design. According to our experiment abattoir-derived ovaries from ovine
were used as the source of oocytes. Experimental groups included control, 1% ethanol and 25 uM ALA+1% ethanol groups. 22 hours after maturation of
COCs in various treatment groups the cumulus expansion index was scored. Subsequently, matured COCs were stained for ROS and thiol content. Then
matured COCs were transferred into droplets of fertilization medium and after the injection of sperm transferred into IVC medium. Then developmental
rate, relative gene expression, DNA fragmentation, and differential staining of embryos were carried out. B. Morphology of COCs in different treatment
groups scored 22 hours post IVM. B,. Score 0, no expansion, B,. Score 1, no expansion but cells appear as spherical, B,. Score 2, only the outermost layers
of cumulus cells have expanded, B,. Score 3, all cell layers have expanded except the corona radiate, and B,. Score i expansion has occurred in all cell
layers including the corona radiate. Morphology of expansion in C,. Control,C,. Ethanol and C,. AlLA+ethanol groups D. Expansion index of COCs in various
treatment groups. Columns with different letters are considered as sngnlﬁcanf (P<0.05) (scale bars represent 200 um).

COCs; Cumulus oocyte complexes, ALA; Alpha-lipoic acid, IVC; In vitro culture, IVF; In vitro fertilization, IVM; In vitro maturation, and ROS; Reactive oxygen species.
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In order to assess if ethanol and its combination with
25 uM ALA have any effect on the developmental
competence of matured oocytes in terms of cleavage
and blastocyst rates, IVF was carried out for various
treatment groups. As depicted in Table 1, exposure to
1% ethanol during maturation significantly decreased
the cleavage rate (75.47 £+ 2.37) compared to control
(86.9 + 2.57) and ALA+ethanol group (98.65 + 0.37,
P<0.05). Furthermore, the addition of 25 pM ALA
attenuated the effect of 1% ethanol and significantly
increased blastocyst formation in ALA+ethanol group
(49.76 £ 1.98) as compared to control (34.19 + 4.67)
and ethanol groups (18.19 = 2.81, P<0.05). In addition,
the blastocyst rate was significantly lower in the ethanol
group compared to the control group (P<0.05). Finally,
blastocysts hatching rate was significantly lower in
the ethanol group (16.66 + 4.85) compared to control
(27.77 + 3.84) and ALA+ethanol group (33.33 + 3.61,
P<0.05, Table 1).

In order to assess the quality of the blastocysts from
various treatment groups, differential staining was
done to determine ICM, TE, TCN, and ICM:TE ratio.
As it is presented in Figure 3A, the number of TE and
TCN were significantly higher in ALA+ethanol group
as compared to control and ethanol group (P<0.05). In
addition, the number of TE and TCNsweresignificantly
lower in the ethanol group compared to the control group
(P<0.05). Besides, the quality of hatched blastocysts
in terms of ICM and ICM:TE was similar between
control and ethanol groups (P>0.05). However, hatched
blastocysts from ALA+ethanol group had significantly
higher ICM and ICM:TE as compared to other groups
(P<0.05, Fig.3A).

Furthermore, the effect of ethanol in the presence or
absence of ALA was investigated on DNA fragmentation
by TUNEL assay. As depicted in Figure 3B, the number
of tunnel positive cells in the ethanol group (21.7 +
2.41) was significantly higher than control (15.3 +
2.12) and ALA+ethanol (6.4 £ 1.54) groups (P<0.05).

Finally, the quality of derived blastocysts was
assessed in terms of expression of genes thatare
related to the apoptosis pathway, antioxidant capacity,
and pluripotency factors. As demonstrated in Figure
4, the expression of BAX was significantly lower
in theALA+ethanol group compared to the ethanol
group (P<0.05). However, the expression of this gene
was significantly lower in the control group than the
ethanol group (P<0.05). The expression of BCL-2 as
an anti-apoptotic factor was significantly higher in
ALA+ethanol compared to control and ethanol groups
(P<0.05).

The next gene which was assessed was CASPASES3,
which showed significantly lower expression in
ALA+ethanol COCs as compared to control and ethanol
groups (P<0.05).
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The anti-oxidant capacity of blastocysts derived
in various treatment groups was assessed in terms
of expression of GPX4 and SODI. Expression of
both GPX4 and SODIwas significantly higher in
ALA+ethanol group as compared to control and ethanol
groups (P<0.05). The expression of OCT4 and NANOG
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was lower in the ethanol group in comparison to the
control group, which was reached to a significant level
for NANOG (P<0.05) but not for OCT4. However,
the expression of these two pluripotency markers in
theALA+ethanol group was similar to the control
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Fig.3: Cell number, trophectoderm and inner cell mass allocation and DNA fragmentation of cultured ovine blastocysts. A, B. Quality of ovine expanded
blastocysts in terms of total cell number or allocation in different treatment groups (scale bars represent 100 um). C, D. Quality of ovine expanded
blastocysts in terms of DNA fragmentation assessed by TUNEL kit in different treatment groups (scale bars represent 50 um). Columns with different letters
are considered as significant (P<0.05).
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capacity and pluripotency in different treatment groups. Columns with different letters are considered as significant (P<0.05).

Discussion

Our results revealed that exposure to 1% ethanol
significantly reduced the cumulus expansion and
blastocyst yield. The quality of blastocysts was also
reduced based on the assessment of ICM, TE, and total
cell counts.

Although there are many studies in rodents that have
demonstrated the effect of alcohol ingestion on sperm
parameters and IVF results, there are very limited
studies regarding the effect of alcohol abuse on oocytes
and embryos (26). Regarding the effect of alcohol on
the male reproductive system, it has been shown that
alcohol drinking can alter spermatogenesis and induce
morphological changes in spermatozoon (26), which may
be due to alteration of the endocrine system in the male
reproductive system (27).

Therefore, to assess this effect, ovine COCs were
exposed to 1% alcohol during the period of maturation.
To further enhance our knowledge regarding the alcohol
toxicity, we assessed the degree of ROS production and
GSH-antioxidant capacity of alcohol-treated oocytes.
Interestingly, we found that the values of ROS and
thiol content were not significantly different from
control, indicating the production of ROS or reduction
of antioxidant capacity does not account for the
observed alcohol toxicity during oocyte maturation. One
explanation for the unaltered level of thiol content may be
related to the specificity of CMF2HC dye, which cannot
detect other oxidized thiols and GSSG (18).

To evaluate whether apoptosis has been executed in the
blastocysts derived from COCs exposed to alcohol, DNA
fragmentation as the late apoptotic marker was assessed,
and the results revealed a higher percentage of TUNEL
positive cells in ethanol group compared to control group.

Analysis of expression of BAX, BCL2, and CASPASE3
as other apoptotic markers (28) and,OCT4 and NANOG
as pluripotent markers (29) were also assessed in the
blastocyst derived from COCs treated with alcohol.
Unlike caspase3, both BAX and BCL2 were significantly
altered. As expected, based on the TUNEL result, the
expression of BAX, as a pro-apoptotic marker, was
significantly higher in the alcohol group, further verifying
the higher degree of apoptosis in this group. In contrary
to our expectation, the expression of BCL2, as an anti-
apoptotic marker, was also higher in the alcohol group.
These data suggest that embryos thathave been able to
reach blastocyst may express a higher degree of BCL2
to overcome alcohol intoxication. The situation might
have been completely different in embryos that were not
competent to reach this stage, and therefore, inevitably,
they were not included in our assessment.

Assessment of expression of genes related to
antioxidant capacity, GPX4, and SOD1 (30, 31) revealed
significantly higher expression of both SODI1 and
GPX4 in the ALA+ethanol group. An increase in the
expression of SOD may be related to a higher capacity
of blastocysts to convert superoxide to less toxic ROS,
the H,O,. Furthermore, higher expression of GPX4 in
ALA-+ethanol treated group may lead to a higher reduction
of hydroperoxide groups on phospholipids, lipoproteins,
and cholesteryl esters (32). In summary, the ethanol-
exposed group treated with ALA demonstrated a higher
anti-oxidant capacity in derived blastocysts.

In the next experiment, we evaluated how antioxidants,
such as ALA, can overcome the toxic effects of alcohol.
In our results, ALA overcomes the inhibitory effects
of ethanol on the cumulus expansion index. It was
also interesting to note that ALA improved the GSH-
antioxidant capacity of the in vitro matured oocyte (33) and
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concomitantly reduced the ROS level of ALA+ethanol-
treated oocytes compared to both control and ethanol
groups. Interestingly, both blastocyst yield and quality
of blastocysts were improved which was further verified
upon assessment of TUNEL assay, mRNA expression of
apoptotic markers (27, 28), pluripotent markers and anti-
oxidant markers These results indicate that ALA not only
can detoxify the toxicity effects of alcohol but on its own
has beneficial effect on the quality of in vitro matured
oocytes. This observation is consistent with a previous
report indicating AL A+ethanol can improve the quality of
oocyte during maturation (26, 27). These observed effects
can be attributed to several characteristics of ALA, which
are rarely observed for other antioxidants, including
(33): i. Small size, ii. Both water and fat-soluble nature
with rapid absorption rate, iii. Metal chelating ability, iv.
ROS scavenging activity, v. Rescuing or recycling the
antioxidant capacity of vitamin E and C, vi. Improving
intracellular GSH level, vii. Modulator of several
signaling transduction pathways like suppressing tumor
necrosis factor (TNF)-alpha-induced ROS generation,and
6-hydroxydopamine induced ROSgeneration, acting as
co-activator in electron chain reaction in mitochondria
and thereby increasing ATP production (28) and reducing
electron leakage, and viii. Acting as a coenzyme of
pyruvatedehydrogenase  complex and improving
consumption of pyruvate especially in ovarian folliclesand
in oocytes (22).

It has been shown that ALA can inhibit oxidative stress
induced by arsenic or thinner and improve the quantity
and quality of sperms in rats (34). In a clinical trial, the
effects of ALA supplement on the spermatogram and
seminal oxidative stress in infertile men wereinvestigated,
and it has been revealed that total sperm count, sperm
concentration, and motility levels were significantly
increased in the ALA group compared with baseline
values. In addition, ALA supplementation improved total
antioxidant capacity compared with the placebo group
(28, 34).

Our results in this study areconsistent with the previous
report of Zhang et al. (22) which showed that addition of
ALA at 25 pM during maturation protects oocytes from
manipulation and chemical stressor and results in the
improved blastocyst and a significant increase in oocyte
GSH level and reduction in apoptosis rate in blastocysts
(24). The positive effect of ALA also has been shown in
thesomatic cell nuclear transfer (SCNT) procedure,and
researchers (22, 31) have shown that the efficiency of
ALA to improve SCNT in porcine is 400 times more than
vitamin C.

In the nervous system (35) and blastocyst (36), ethanol
activates ROS production, and protection is acquired by
activation of TGFB1 and P53 pathways. Indeed, TGFB1
limits the long term damages in the brain induced by
alcohol toxicity, and in vitro, it improves embryos
quality (36). This effect is believed to be mediated by
overexpression of clusterin, which is observed both in
the brain and the blastocyst exposed. In this study, we did

Cell J, Vol 23, No 2, July 2021

not observe the overproduction of ROS following alcohol
treatment; therefore it is likely that alcohol-induced
cytotoxicity during IVM is mediated through other
pathways, which requires further research.Despite this,
ALA may partially alleviate the alcohol toxicity, through
its antioxidant nature as observed by reduced ROS
and improved thiol content. Improved developmental
competency following ALA treatment during IVM may
be related to other properties of ALA, like modulation
ofsome signaling transduction pathways such as lowering
inflammation reactions (e.g., NF-KB) (37) and increasing
the endogenous cellular antioxidants (e.g., GSH) (22, 38),
which needs future studies.

Conclusion

Taken together, our results in this study suggest that ALA
not only overcomes the negative effect of alcohol toxicity
during oocyte maturation but also improves blastocyst
yield and quality of resultant embryos. Therefore, ALA,
as a good supplement, or as a chemical highly available in
green vegetables, is recommended for lowering ROS level
and increasing the endogenous cellular antioxidants under
oxidative stress conditions in the fertilization process.
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Abstract
Objective: The aim is to examine the effect of metformin in human microvascular endothelial cells exposed to high
glucose (HG) concentration and compare them with the effects of other 5' adenosine monophosphate-activated protein
kinase (AMPK) modulators under the same condition.

Materials and Methods: In this experimental study, human microvascular endothelial cells (HMECs) were treated
with 15 mM metformin, 1 mM 5-aminoimidazol-4-carboxamideribonucleotide (AICAR) and 10 mM compound C in the
presence of 20 mM glucose (hyperglycemic condition). Migration, invasion and proliferation were evaluated as well as
the capillary-like structures formation. Moreover, the expression of angiogenic genes was assessed.

Results: Metformin significantly inhibited vessel formation and migration, although it did not change HMECs proliferation
and invasion. In addition, metformin significantly reduced collagen formation as evidenced by histological staining.
Concomitantly, expression of several genes implicated in angiogenesis and fibrosis, namely TGFB2, VEGFR2, ALK1,
JAG1, TIMP2, SMAD5, SMADG6 and SMAD?7, was slightly upregulated. Immunostaining for proteins involved in ALK5
receptor signaling, the alternative TGFR signaling pathway, revealed significant differences in SMAD2/3 expression.

Conclusion: Our data showed that metformin prevents vessel assembly in HMECs, probably through an AMPK-
independent mechanism. Understanding the molecular mechanisms by which this pharmacological agent affects
endothelial dysfunction is of paramount importance and paves the way to its particular use in preventing development

of diabetic retinopathy and nephropathy, two processes where angiogenesis is exacerbated.
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Introduction

In recent years, the incidence of type 1 diabetes mellitus
(TIDM) has increased worldwide, contributing to a
significant increase in overall rates of diabetes morbidity
and mortality (1). Vascular complications present in the
vast majority of patients with T1DM, are responsible
for a considerable part of morbidity rate (2). It is known
that inflammatory changes in the blood vessel wall
lead to a dysfunction in endothelial and smooth muscle
cells resulting in vascular disease (3). Endothelial cells
are particularly vulnerable to hyperglycemia (4). Thus,
uncontrolled hyperglycemic state, common in diabetic
patients, leads to increased release of factors that
favor endothelial dysfunction (5). In turn, endothelial
dysfunction is a potential contributor to the pathogenesis
of vascular disease in DM (6), resulting in reduced
bioavailability of nitric oxide (7). Studies performed
in humans, animals and cells showed that endothelial
dysfunction is maintained even after normal glycemia
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is achieved, a concept designated by metabolic memory
(8). Therefore, as vascular complications are the major
cause of morbidity in diabetic patients, understanding the
molecular events that occur in endothelial dysfunction is
mandatory.

Previous studies of our group revealed that endothelial
cells isolated from TI1DM mice kidney and heart
exhibited a distinct gene expression profile involving
AMPK pathway, a major cell energy regulator (9).
AMPK pathway can be modulated by pharmacological
agents like metformin. In agreement, several reports
suggested that stimulating AMPK signaling leads to
endothelial dysfunction improvement (10). Moreover,
AMPK signaling activation improves insulin sensitivity
and reduces the risk of T2DM (11).

Metformin, one of the most commonly used
antihyperglycemic drugs against T2DM (12), is a
known activator of AMPK and has also been studied



as an adjuvant for TIDM treatment. Metformin could
activate  AMPK indirectly, through inhibition of
mitochondrial complex I and increment of the AMP/
ATP ratio, or directly, by a subunit phosphorylation
(13). Although the molecular mechanisms of metformin
action are not completely elucidated, this compound
can be therapeutically successful in other pathological
conditions as well. In cancer, for instance, metformin
exerts anti-proliferative effects as demonstrated in
vitro and in vivo (11).

Metformin was shown to target angiogenesis as well,
interfering with endothelial function and attenuating the
production of proangiogenic and inflammatory factors
like metalloproteinases (MMP’s), adhesion molecules,
namely intercellular adhesion molecule 1 (ICAM-1) and
vascular cell adhesion molecule 1 (VCAM-1), tumor
necrosis factor oo (TNFa) and nuclear factor-kB (NF-kB)
(14-18).

Given the wide use of metformin in diabetic patients,
as well as the relevance of AMPK signaling pathway
in diabetic complications, the present study aimed to
elucidate how AMPK modulators affect HMECs. To
address this, HMECs cells were cultured with AMPK
agonists, metformin and AICAR, and an AMPK
antagonist, compound C, in the presence of 5.5 mM
(normoglycemic) or 20 mM (hyperglycemic) glucose, and
cell proliferation, migration and assembly into capillary-
like structures, as well as expression of angiogenic genes
were examined.

Materials and Methods
Cell culture and in vitro treatments

Human microvascular endothelial cells (HMECs,
ATCC, UK) were cultured in RPMI 1640 medium
(Sigma-Aldrich, Portugal) supplemented with 10%
fetal bovine serum (FBS, Sigma-Aldrich, Portugal),
1.176 g/L sodium bicarbonate (Merck, Germany),
4.76 g/L HEPES, 1% penicillin/streptomycin (Sigma-
Aldrich, Portugal), 1 mg/L hydrocortisone >98%
(Sigma-Aldrich, Portugal), and 10 pg/ml endothelial
growth factor (EGF, Sigma-Aldrich, Portugal).
Cells were kept at 37°C in a humidified 5% CO,
atmosphere and the experiments were accomplished
between passages 3 and 6. Assays were performed in
serum-free media supplemented with glucose at two
different concentrations: 5.5 mM [low glucose (LG)]
or 20 mM D-Glucose [high glucose (HG)] (Sigma-
Aldrich, Portugal). Cells were maintained under these
conditions for 24 hours before treatment incubation.
Cells were then treated withl5 mM metformin
(Sigma-Aldrich, Portugal), I mM 5-aminoimidazol-4-
carboxamideribonucleotide (AICAR, Sigma-Aldrich,
Portugal) and 10 uM compound C (Sigma-Aldrich,
Portugal).These concentrations were selected based
on a preliminary viability assay using different
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concentrations of metformin (10, 20, 30, 40 and 50
mM), AICAR (0.2, 0.5, 0.75, 1.0, 1.25 and 1.5 mM)
and compound C (5, 7.5, 10, 12.5 and 15 uM), done
based on previously published reports (16, 19-21).
AICAR and metformin were dissolved in ultrapure
water, whereas compound C was solubilized in
dimethyl sulfoxide (DMSO, Merck, Germany). The
working solutions were prepared in PBS and then
added to respective treatment media.

Ethical issues

This study was approved by Department of
Biomedicine, Faculty of Medicine, University of Porto,
Portugal.

Cell viability

Cell viability was examined by3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) assay (Cell Titer 961 Aqueous
ONE Solution Reagent, Promega, Madison, EUA).
HMECs (1x10° cells/mL) were incubated with glucose
at two concentrations, for 24 hours. Next, the cells were
incubated with metformin, AICAR and compound C
for 24 hours. Cell cultures were then incubated with 20
pL MTS according to the manufacturer instructions.
Color development was quantified at 492 nm. The
concentration of compounds used in all subsequent
experiments was defined based on the MTS results
in order to exclude possible cytotoxic effects. These
concentrations were identical to the ones described
in the literature (16, 19-21). Results are expressed as
percentage of the control.

Bromodeoxyuridine proliferation assay

HMECs (1x10° cells/mL) were cultured in serum-
free media supplemented with glucose at two different
concentrations, in 96-well microplates for 24 hours.
Cells were then incubated with treatments in the
presence of bromodeoxyuridine (BrdU) at a final
concentration of 0.01 mM for another 24 hours.
Cells were then fixed and incubated with anti-BrdU
antibody for 90 minutes. Detection was performed
using the colorimetric BrdU Proliferation Assay kit
(Roche, Germany), according to the manufacturer’s
instructions. Optical density was measured at 450 and
650 nm and the results are expressed as percentage of
the control.

Injury assay

Injury assay was performed as described by Liang
et al. (22). Cells were plated, maintained at 37°C in a
humidified 5% CO, atmosphere until confluence and
then, incubated with the two different concentrations
of glucose for 24 hours. Cell cultures were then
injured by the pipette tip, which left a void space.
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The wells were photographed at 200X amplification,
and the treatments were added to serum-free media
and incubated for 24 hours. The wound closure was
determined by subtracting the wounded area measured
after 24 hours, from the initial void space (FLJI
software, National Institutes of Health, USA).

Matrigel assay

Matrigel assay was performed in 96-well microplates
coated with 50 pl of Matrigel Basement Membrane
Matrix (BD Matrigel™, BD-Biosciences, Belgium)
per well. HMECs, previously incubated with 5.5 or 20
mM glucose, were harvested in complete medium over
the Matrigel layer. Two hours later, the medium was
removed and the treatments were added. Cell growth was
monitored for 18 hours. Tube formation was observed and
quantification was performed by vessel counting in each
well using a phase contrast microscope (Nikon, UK), at
%200 magnification.

Collagen synthesis evaluation in cell culture

Production of collagen by cells was analyzed by
Sirius Red histologic assay, as described by Pinheiro et
al. (23). Briefly, cells were cultured with low and high
concentrations of glucose for 24 hours and then, incubated
with compounds (metformin, AICAR and compound
C) for an additional 24 hours. Subsequently, HMECs
were fixed with 4% p-formaldehyde for 15 minutes at
room temperature (RT), washed with distilled water and
stained with Sirius Red solution for 1 hour. Wells were
washed with acidified water (5%), and incubated with
0.1 N NaOH for 30 minutes, and color development was
measured by reading the absorbance at 550 nm using a
microplate reader.

Invasion assay

Invasion assay was accomplished in CorningBioCoat™
Matrigel Invasion Chamber (Transwells, Corning
Inc., Corning, USA) according to the manufacturer’s
instructions. Basically, following 24 hours under
hyperglycemic condition, HMECs (2.5x10* cells/
mL) were harvested on inserts, initially hydrated with
complete medium. The lower chambers were filled with
RPMI medium containing 10% FBS. After 24 hours
incubation with compounds, the non-invasive cells were
detached by a cotton swap. Cells enclosed to the lower
surface membrane insert were fixed, stained and counted
under a microscope from sixteen randomly chosen fields
in each well. The mean number of the cells per field was
recorded.

Western blot

Proteins were extracted from homogenates of treated
HMECs cultures and quantified by BCA protein
assay kit (Thermo Scientific, USA). Then, 15 ug of
total protein was separated by electrophoresis and
transferred to nitrocellulose membrane (Biorad, USA).
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The membranes were the incubated with primary
antibodies [phospho-SMADS5 (1:500); total SMADS
(1:500); phospho-SMAD2/3 (1:500); total SMAD2/3
(1:1000) and TGFPR1 (1:500)], and then incubated
with secondary horseradish-peroxidase (HRP)-coupled
antibodies (1:5000, anti-rabbit, HRP NA934V or
1:5000, anti-mouse, HRP NA931V). Antibodies were
dissolved in BSA solution, containing 4% of BSA in
0.1% TBS-T. Detection was performed using enhanced
chemiluminescence (ECL) kit (Biorad, USA) and
relative intensity of different proteins expression was
calculated and normalized against intensity of stained-
free gels (Biorad, USA).

Quantitative real-time polymerase chain reaction
assays

Total RNA was extracted from HMEC:s after incubation
with compounds for 24 hours, using NZYol® isolation
reagent (NZYtech, Portugal). Briefly, the cells were
harvested with 1 mL of the reagent, homogenized and
incubated for 5 minutes at RT. For the phase separation,
we added 200 pL of chloroform to the tubes, and the tube
was incubated for 2-3 minutes at RT and centrifuged.
The aqueous phase was transferred to a new tube and
RNA precipitation was performed by adding 500 ul cold
isopropanol. RNA pellet was washed with 75% ethanol,
air dried for 10 minutes and resuspended in RNase-free
water. RNA was quantified by NanoDrop.

The cDNA was synthesized by RevertAid H Minus
First Strand cDNA Synthesis Kit (Thermo Scientific,
USA), and then, 1.5 uL of cDNA sample was used for
each polymerase chain reaction (PCR) assay. Gene
amplification was performed as previously established
(9) under the following conditions: pre-incubation
(95°C for 600 seconds), amplification (95°C for 10
seconds; specific temperature of each primer; 72°C
for 10 seconds 45 cycles) and melting (95°C for 10
seconds; (AT+10)°C for 60 seconds and 97°C for 1
second); primers used for human ALK1,JAGI1,SMADS,
SMADG6, SMAD7, TGFBRI,TIMP2, TGFp2, VEGFR2
and B-ACTIN are shown in Table 1. Samples were
analyzed by Light Cycler 96 thermal cycler (Roche,
USA) and quantified by the AACT method. All genes
expression values was normalized against S-ACTIN
expression values, as a commonly used housekeeping
gene.

Statistical analysis

GraphPad Prism 6.0 Software (GraphPad Software
Inc., CA, USA) was used for data analysis and
the results are expressed as mean = SEM, with a
confidence interval of 95% and P<0.05 considered
significant. Experiments were performed in triplicate
and analyzed by one-way ANOVA and Bonferroni post
hoc test. Student t test was used for two group analyses
with P<0.05 considered significant.



Results
Effect of AMPK modulators on HMECs viability

To examine the effect of AMPK pathway in endothelial
cells, we first analyzed the effect of metformin, AICAR
and compound C, three AMPK modulators, at different
concentrations in HMECs exposed to low and high
concentrations of glucose. The analysis showed a dose-
dependent reduction in cell viability for these three agents
under both glucose conditions. Incubation with 30 to 50
mM metformin led to a significant decrease in HMECs
cell viability at both glucose concentrations, indicating a
toxic effect of this agent at these concentrations (Fig.1A).
Furthermore, incubation of 5.5 mM glucose-treated HMECs
cells with 12.5 uM compound Cresulted in a cytotoxic effect.
No significant difference was observed between the two
glucose concentrations used for any of the treatments tested
(Fig.1B). We, therefore, used the nontoxic concentrations of 1
mM AICAR, 15 mM metformin and 10 uM compound C in
the following experiments; the selected concentrations were
in agreement with the literature.

Table 1: Primer sequences used in HMECs cells exposed to medium
containing either 5.5 or 20 mM of glucose, and incubated with
AICAR, metformin or compound C

Genes Primer sequence (5°-3")
ALK1 F: CAACATCCTAGGCTTCATC

R: TCTCTGCAGAAAGTCGTAG
P-ACTIN F: AGAGCCTCGCCTTTGCCGAT

R: CCATCACGCCCTGGTGCCT
JAGI F: ACTACTACTATGGCTTTGGC

R: ATAGCTCTGTTACATTCGGG
SMADS F: CCAGTCTTACCTCCAGTATTAG

R: TCCTAAACTGAACCAGAAGG
SMAD6 F: CCCATAGAGACACAAAAATCTC

R: GTAAGACAATGTGGAATCGG
SMAD7 F: CAGATTCCCAACTTCTTCTG

R: CTCTTGTTGTCCGAATTGAG

F: AGACAATGGTACTTGGACTC
R: GTACCAACAATCTCCATGTG

TGFBRI (ALKS)

TGFB2 F: AGATTTGCAGGTATTGATGG
R:ATTTCTAAAGCAATAGGCCG

TIMP?2 F: GGCCTGAGAAGCATATAGAG
R: CTTTCCTGCAATGAGATATTCC

VEGFR?2 F: GCCATGTGGTCTCTCTGGTT

R: GCCGTACTGGTAGGAATCCA
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Fig.1: Cell viability evaluation in confluent HMECs cultures using MTS
assay. A. No significant cytotoxicity was found following treatment with
AICAR at a concentration range of 200-1500 uM, metformin (MET) at
concentrations of 10-50 mM and compound C (CC) at concentrations of
5,10 and 15 pM, in most of the doses tested. Results are expressed as
percentage of control and are fold-increase relative to normoglycemic
(5.5 mM) control cell cultures. Control bars (CTR) refer to cultures
under the same conditions of glucose but without incubation with
tested compounds. Three independent experiments were performed in
triplicate with identical results. ¥P<0.05 vs. CTR under identical glucose
conditions. B. Cytotoxicity evaluation in confluent HMECs cultures using
MTS assay exposed to 5.5 (CTR5.5) and 20 mM (CTR20) of glucose.
No significant difference in cell viability was found between the two
concentrations.

Effect of treatment of HMECs with metformin,
AICAR and compound C on HMECs proliferation,
migration and invasion

In order to determine the effect of these compounds on
HMEQC:s proliferation, the BrdU assay was performed. As
shown in Figure 2A, no difference in HMECs proliferation
was observed between the two glucose concentrations.
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Furthermore, incubation with 1 mM AICAR, 15 mM
metformin or 10 pM compound C in the presence of high
concentration of glucose (Fig.2A) did not significantly
affect HMEC:s proliferation.

Moreover, upon incubation with metformin and
compound C, a significant decrease in HMECs migration
was verified in comparison with the control under the
same glucose condition (Fig.2B). A minor reduction in
cell invasion was found up on treatment with 1 mM of
AICAR, though it did not reach statistical significance.

A

150 -

100 +----

50 -

HMEC-1 proliferation (% to CTR20)

CTR5.5 AICAR20 MET20 cc2o

150

100 {----

50 -

Wound closure (% to CTR20)

CTR5.5 AICAR20

CTRS.5 CTR20 AICAR2 MET20 CcC20

Fig.2: Proliferation and migration of HMECs were evaluated after incubation
with AICAR, metformin (MET) or compound C (CC). A. Cell proliferation was
assessed by BrdU incorporation assay. Cell proliferation was not significantly
reduced by incubation with any of the compounds tested. Results are
expressed as percentage of high glucose (HG) control. Three independent
experiments were performed in triplicate with identical results. B. Cell
migration was visualized by injury assay after 24 hours of incubation. A
significant reduction of cell migration to the damaged areas was found after
incubation with CC. Pictures are representative of three independent studies
(magnification: x200). CTR5.5 bar represents 5.5 mM glucose-incubated
HMECs in the absence of compounds. *; P< 0.05 vs. CTR20.

0 hours |

Effect of AICAR, metformin and compound C
incubation on vessels formation

To further examine the role of the three AMPK modulators
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in the development of capillary structures, we established
HMECs cell cultures on a 3D basement membrane
matrix and monitored the growth of vascular structures.
Interestingly, hyperglycemic conditions slightly reduced
the formation of capillary-like structures. Incubation of
20 mM glucose-treated cells with each AMPK modulator
further reduced the capacity of HMECs to assemble into
vessels; this decrease was statistically significant for 15
mM metformin and 10 uM of compound C (Fig.3A).

The assembly of endothelial cells within blood vessels
tructures is strongly dependent on the formation of a
basement membrane. Therefore, we next investigated
whether the studied pharmacological agents influenced
the formation of collagen under hyperglycemic conditions
using Sirius Red staining. Treatment with HG resulted in a
reduction of collagen formation (Fig.3B). When compared
with the control at the same glucose concentration, the
incubation with compound C (10 puM) and metformin
(15 mM) resulted in a significant decrease of collagen
formation by HMECs. However, incubation with 1 mM
AICAR did not affect the collagen synthesis by HMECs.
Only incubation with 10 uM compound C significantly
affected the invasive behavior of HMECs as evidenced by
transwells assay (Fig.3C).

Effect of AICAR, metformin and compound C on
angiogenic-related genes

We next performed quantitative real time PCR in order
to investigate whether AMPK modulators interfered
with angiogenic gene expression in HMECs under HG
conditions. Recent experiments of our group showed
that TGFp2, SMADS, ALK1, JAGI, VEGFR2 and TIMP?2
genes, which are known to play a role in angiogenesis and
fibrosis, presented imbalanced expression in endothelial
cells from T1DM mice (9). We, therefore, analyzed the
expression of these transcripts in HMECs. Incubation with
20mM glucose did not result in significant differences in
expression of these genes (Fig.4).

In general, incubation of cells with AMPK-modulating
agents led to an increase in expression of these six genes
analyzed in comparison to HG control (Fig.4A-F).
Particularly, incubation with metformin resulted in a
slight upregulation of TGFf2, TIMP2, ALKI, JAGI,
SMADS and VEGFR2, although it did not reach statistical
significance. Then, we examined the expression of
specific genes of TGFp signaling pathway like SMADG6,
SMAD7 and TGEFBRI.Although metformin treatment led
to a slight increase in expression of these transcripts, it
was not statistically significant (Fig.5A).

To confirm these findings, we analyzed the protein
expression of a TGFP signaling downstream effector,
SMADS, through ALK receptor activity, as well as
TGFBR1 and SMAD2/3, the TGFp alternative pathway.
Only treatment with compound C changed the expression
of phosphorylated (active) SMADS and total SMAD2/3
(Fig.5B).
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Discussion

Vascular complications are a major feature in diabetes.
Metformin is largely used in diabetes treatment for its
ability to control metabolism through AMPK. However, it
is not well established whether modulating AMPK affects
the angiogenic process within endothelial cells. Herein,
we examined the effect of metformin on microvascular
endothelial cell proliferation, invasion, migration and
capillary-like structures formation, and compared this
effect with two other AMPK modulators namely, AICAR
and compound C. We were able to show that incubating
HMECs with metformin under hyperglycemic conditions,
leads to a significant reduction in the formation of
capillary-like structures, as well as a significant reduction
in migration and collagen production. Similar results were
reported by Dallaglio et al. (12). By incubating HUVECs
with different concentrations of metformin, these authors
showed a significant dose- and time-dependent decline
in the amount and length of segments of capillary-like
structures. Metformin inhibitory effect was also reported
in hepatic stellate cells (HSCs) activation, proliferation,
migration and cell contraction (24).

Nevertheless, controversial findings have been described
in the literature regarding the effect of metformin on
cellular proliferation, apoptosis (21, 25) and angiogenesis
under hyperglycemic conditions. Accordingly, metformin
exhibited proangiogenic activity in experimental disease
models like wound healing, cardiovascular disease and
tumors (26, 27). In agreement, recent findings indicated
that metformin improved angiogenesis and accelerated
wound healing in diabetic mice, by promoting AMPK and
eNOS signaling activity, often downregulated in diabetes.
Cittadini et al. (26) investigated the effects of metformin in
an experimental model of chronic heart failure, a common
feature of diabetes, and observed a marked activation
of AMPK with improved left ventricular remodeling,
reduced perivascular fibrosis and minor cardiac lipid
accumulation. Moreover, Bakhashab et al. (28) found that
metformin can promote migration, inhibit apoptosis and
increase the expression of VEGFA in HUVECs exposed
to hyperglycemia-hypoxia condition.

Endothelial cells express two TPRI: ALK1 and ALKS,
which present different affinities to both TGFPs and
BMPs ligands. ALK 1 binds with greater affinity to BMPs,
whereas TGFp preferentially binds to ALKS5, enhancing
angiogenesis. Since TGFP expression was increased in
diabetic kidney endothelial cells in previous studies of
our group (29), and given the fact that metformin resulted
in reduced angiogenesis, we next examined TGFB/ALKS
signaling. Strikingly, ALKS5 and SMAD2/3 expression
was not affected by metformin. According to Iwata et al,
metformin increased expression of SMADG6, an inhibitor
of SMADS phosphorylation in human granulosa KGN
cells (30). This inhibitory effect was further corroborated
by the fact that Kdr did not significantly change after
metformin treatment.

TGFp plays an important role in collagen synthesis,

Cell J, Vol 23, No 2, July 2021



Metformin in ECs

another process exacerbated during diabetes. TGFf
regulates the transcription of genes responsible for
extracellular matrix components synthesis (31).
Accordingly, in our experiment, a significant decrease
in collagen synthesis was observed in metformin-treated
HMEC under hyperglycemic conditions, which is in
agreement with a putative inhibition of TGFf signaling
through SMADG upregulation by metformin.

To further analyze whether metformin effects were
AMPK-dependent, we examined the action of AICAR, an
AMPK agonist, and the AMPK inhibitor, compound C.
AICAR is an adenosine analogue compound that has been
extensively used to activate AMPK pathway in vitro. Its
effects and efficacy vary according to the established cell
culture conditions (32).

By stimulating AMPK activity, AICAR has been
reported to prevent cell proliferation, migration, invasion
and metastasis in several types of tumors both in vivo (33,
34) and in vitro (35-37). On the other hand, compound C,
a pyrazolopyrimidine derivative, is a widely used potent
inhibitor of AMPK. Nonetheless, it was shown to exert
anti-proliferative effects and inhibit ICAM-1 and VCAM-
1 expression in cell and animal models to a similar extent
as metformin (38).

Despite AICAR and metformin are both AMPK
agonists, in the current study, they exhibited distinct
effects in terms of angiogenesis. AICAR did not change
migration, invasion or vessel assembly in HMECs. In
addition, compound C, the AMPK antagonist, resulted
in effects similar to those of metformin. These findings
suggest that the anti-angiogenic action of metformin is
probably not mediated via AMPK signaling pathway. In
fact, metformin is known to interfere with several other
metabolic pathways and present AMPK independent
effects. A recent study showed that metformin suppresses
adipogenesis in C3H10T1/2 MSCs by inhibiting mTOR/
p70S6k signaling pathway (39). According to Rena et
al, metformin inhibits fructose-1,6-bisphosphatase, an
enzyme implicated in glucose metabolism, through an
AMPK-independent mechanism (40). These findings
emphasize the hypothesis that the anti-angiogenic activity
of metformin is AMPK independent.

Altogether, our findings suggest that the anti-
angiogenic effects of metformin are AMPK-independent.
Nevertheless, further studies are needed to confirm
whether these activities involve the complex TGEFp
signaling pathways.

Conclusion

The present study shows that metformin not only
regulates metabolism, but also probably controls
endothelial dysfunction, being important in preventing
conditions where angiogenesis is exacerbated such as
diabetic retinopathy or nephropathy.
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Abstract
Objective: Quercetin (Que) is a plant-derived polyphenolic compound, that was shown to possess anti-inflammatory
activity in myocardial ischemia/reperfusion (I/R) models in vivo; however, detailed mechanisms of its anti-inflammatory
effects remain unclear. This study aimed to examine the effects of quercetin postconditioning (QPC) on I/R-induced
inflammatory response in a rat model and evaluate the role of the mitochondrial K-ATP (mitoK, ) channels and NO
system in this regard.

Materials and Methods: In this experimental study, hearts of male Wistar rats (250 + 20 g) perused by Langendorff
apparatus, were subjected to 30 minutes of global ischemia followed by 55 minutes reperfusion, and Que was added
to the perfusion solution immediately at the onset of reperfusion. Creatine kinase (CK) levels in the coronary effluent
were measured by spectrophotometry. Interleukin-1 (IL-18), IL-6, and tumor necrosis factor-alpha (TNF-a) levels were
analyzed by an enzyme-linked immunosorbent assay (ELISA) rat specific kit to assess the inflammatory condition of
the myocardial tissue.

Results: Our results showed that QPC significantly improved left ventricular developed pressure (LVDP) (P<0.05), and
decreased the CK release into the coronary effluent vs. control group (P<0.01). The levels of IL-1B (P<0.01), TNF-a
(P<0.01), and IL-6 (P<0.05) were significantly diminished in Que-treated groups when compared to the control group.
Inhibiting mitoK ., channels by 100 uM 5-hydroxydecanoate and blocking NO system by 100 uM L-NAME reversed the
cardioprotective effects of Que.

Conclusion: The findings of this study suggested that QPC exerts cardioprotective effects on myocardial I/R injury
(MIRI) through inhibition of inflammatory reactions and improvement of contractility potential. Also, mitoKarp channels
and NO system might be involved in this anti-inflammatory effect.
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Introduction

Acute myocardial infarction (AMI) caused as a result
of coronary artery occlusion, is the most common leading
cause of death and disability worldwide. At present,
timely reperfusion is the major therapeutic strategy to
treat myocardial ischemia; however, reperfusion itself
further worsens the existent myocardial injury and
may lead to extra complications such as diminished
cardiac contractile function, arrhythmias, and necrosis
of myocytes, a phenomenon termed "myocardial
reperfusion injury"” (1, 2). Therefore, in medical research,
development of interventions capable of both preventing
and treating ischemia/reperfusion (I/R) injuries is needed.

I/R is a complicated pathophysiological condition
in which, inflammatory response, reactive oxygen-
derived species (ROS) overproduction, Ca*" overload,
and apoptosis play central roles (3). Myocardial I/R
injury (MIRI) is known to result in significant local and
systemic inflammation. This inflammatory response
which is triggered during ischemia, and greatly amplified
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during reperfusion, is characterized by increased levels of
inflammatory and pro-inflammatory cytokines, including
interleukin-1B (IL-1pB), tumor necrosis factor-a (TNF-a),
IL-6 and partially contributes to cardiac dysfunction and
necrosis of cells (4-6). Increasing evidence suggests that
inhibition of I/R-induced excessive inflammatory response
can improve heart dysfunction caused by I/R injury (7,
8). Hence, understanding the precise mechanism of the
inflammatory response is critical to improving clinical
outcomes of I/R injury and designing effective therapies.

Mitochondria dysfunction is considered a major cause
of cell death during I/R. Several studies demonstrated
that a variety of cardioprotective strategies such as pre-
and postconditioning, protects cardiomyocytes via the
mitochondrial K-ATP (mitoK, ) channel. Activation
of mitoK, , channels maintains the mitochondrial
membrane potential (A¥m), inhibits mitochondrial
permeability transition pore (mPTP) opening, and
represses mitochondrial Ca?* overload, overproduction
of ROS, and necrotic/apoptotic cell death (9-12). The



linkage between mitoK, , channels opening and such a
diverse number of the restorative processes, underscores
its promising therapeutic potential in I/R injury; hence,
a mitoK ,  opener may improve mitochondrial function

during I/R.

Nitric oxide (NO) is an important mediator in the
cardiovascular system and I/R injury. Considerable
evidence highlighted the beneficial roles of NO in the
cardiovascular system and emphasized the link between
NO and pathophysiological process of I/R injury in a way
that effects of I/R injury are either mediated or antagonized
by NO. Indeed, NO has both protective and detrimental
role in I/R as I/R triggers a cascade involving increased
NO production and leading to the excess formation of
peroxynitrite (ONOO") and it is accompanied by increased
production of ROS, which mediates the detrimental role of
NO (13, 14). The cardioprotective function of NO during
I/R is due to its anti-inflammatory and antioxidant effects;
furthermore, protective role of NO may be mediated
through activation of the mitoK  , channels (15, 16).

Quercetin  (3,5,7,3°,4’-pentahydroxy flavone, Que)
is an important member of flavonoids with the highest
concentrations being found in onions and apples. A broad
range of biological activities has been attributed to Que
including anti-inflammatory, antioxidant, and anti-cancer
activity (17, 18). Also, Que possesses the capability
to reduce blood pressure and protect the heart from
I/R injury (19, 20). Several studies indicated that Que
postconditioning (QPC) is an effective pharmacological
strategy for achieving myocardial protection against I/R
injuries; however, its protective mechanism remains
unclear (21, 22).

In the present study, we investigated the cardioprotective
and anti-inflammatory properties of Que and assumed
that these effects were in part mediated through the NO
system and mitoK, . channels.

Materials and Methods

In this experimental study, fifty-six 12-week-old male
Wistar rats weighing 250 + 20 g, were obtained from the
animal center of Sichuan University. The rats were kept in
an animal room with free access to food and water, at 25°C
on a 12 hours light/dark cycle. This study conformed to the
Guidelines for the Care and Use of Laboratory Animals
by the National Institutes of Health (NIH Publication No.
85-23, revised in 1985), and the experimental procedures
were approved by the Institutional Animal Care and Use
Committee (IACUC) of Sichuan University.

Isolated hearts and Langendorff perfusion setting

Animals were anesthetized intraperitoneally (i.p.)
with pentobarbital sodium (60 mg/kg) and heparinized
(500 U/kg) to protect the heart against microthrombi.
The hearts were quickly removed via thoracotomy and
immersed in ice-cold Krebs-Henseleit solution (K-
H). Then, the hearts were cannulated via the aorta and
perfused with K-H solution that contained (in mM): 4.8
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KClI, 118 NaCl, 1.0 KH,PO,, 1.2 MgSO,, 27.2 NaHCO,,
10 glucose, and 1.25 CaCl,. A mixture of 95% O, and 5%
CO, was bubbled through the perfusate, and the perfusate
pH was kept in the range of 7.35-7.45. Throughout the
experiment, thermostatically controlled water circulator
(Satchwell Sunvic, UK) maintained the perfusate and bath
temperatures at 37°C. For measurement of interventricular
pressure changes, a saline-filled latex balloon was inserted
into the left ventricle (LV) and the signals were delivered
to the related transducer via a connecting pressure
catheter. The left ventricular-developed pressure (LVDP)
was considered a cardiac contractility index.

Induction of ischemia and reperfusion

Each experiment lasted 100 minutes in total. All groups
of isolated rat hearts underwent a 15-minutes stabilization
period. In all groups, after the stabilization period, the
hearts were exposed to global ischemia for 30 minutes,
followed by 55 minutes of reperfusion period with K-H
solution at 37°C. An immediate decline in CF at the
onset of index ischemia and the recovery of the CF upon
reperfusion served as evidence of effective coronary
occlusion and reperfusion (23, 24).

Exclusion criteria

In the Langendorff apparatus, the isolated hearts were
excluded from the test if their baseline coronary flow (CF)
and LVDP were lower than 7.5 ml/minutes and 70 mmHg,
respectively. Also, the hearts with weak contractions or
with arrhythmias were excluded from the experiment
and replaced with another one. The exclusion (and
replacement) rate for groups was as follows: Sham=0;
control=1 heart; EL-C receiving group=0; Que receiving
groups=1 heart; 5-HD receiving group=2 hearts; Que
plus 5-HD receiving group=1 heart; L-NAME receiving
group=1 heart; and Que plus L-NAME receiving group=1
heart. The weak contraction or arrhythmias may be related
to the failure in surgical procedure.

Experimental protocol

The fifty-six male Wistar rats were divided into eight
groups (n=56, 7 per group, Fig.1):

i. Sham: in which the isolated hearts did not
undergo ischemia, and were continuously perfused with
a normal K-H buffer.

ii. Control: in which after the surgical preparation and 15
minutes stabilization, the isolated hearts were subjected to
a 30 minutes ischemia and 55 minutes reperfusion with a
normal K-H buffer.

iii. Cremophor-EL: in which the condition was similar
to the control group except that the hearts were perfused
with a K-H solution containing 0.1 % Cremophor-EL for
10 minutes at the onset of reperfusion.

iv. Quercetin: in which the condition was similar to
control group except that the hearts were perfused with
a K-H solution containing 100 nM Que for 10 minutes at
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the onset of reperfusion.

v. 5-HD: in which the condition was similar to control
group except that the hearts were perfused with a K-H
solution containing 100 uM 5-hydroxydecanoate (5-HD,
as amitoK , channel blocker) for 10 minutes at the onset
of reperfusion.

vi. Quercetin plus 5-HD: in which the condition was
similar to the control group except that the hearts were
perfused with a K-H solution containing both 100 uM
5-HD and then, 100 nM Que, for 10 minutes at the onset
of reperfusion.

vii. L-NAME: in which the condition was similar to
the control group except that the hearts were perfused
with a K-H solution containing 100 uM L-NAME (as
a NO synthase blocker) for 10 minutes at the onset of
reperfusion.

viii. Quercetin plus L-NAME: in which the condition
was similar to the control group except that the hearts
were perfused with a K-H solution containing both 100
uM L-NAME and then, 100 nM Que, for 10 minutes at
the onset of reperfusion.

There were no significant differences between EL-C
and control groups. Due to this reason we did not consider
Cremophor-EL group in the analysis of results.

Creatine Kkinase release measurement

The coronary effluent was collected 10 minutes after
the beginning of reperfusion, and samples were stored at
-80°C. Ischemic injury was measured based on the creatine
kinase (CK-MB) activity. The CK-MB activity was
determined spectrophotometrically by using commercial
kits brought from Roche Diagnostic (Mannheim,
Germany). The absorbance of CK-MB solution was read
at 340 nm. The results were reported in Unit/1.

Preparation of tissue homogenates

At the end of each experiments, the hearts (LVs)
were separated and the ischemic zones were sampled,
immediately frozen in liquid nitrogen and stored at -80°C.
Approximately 0.5 g of ventricular tissue was cut into
pieces in about 5 ml of ice-cold lysis buffer containing
(mM/ml): 1.0 KH,PO,, 1.0 KCL, 50 Tris-HCI (pH=7.4),
1.0 EDTA, 1.0 NaF, 1.0 Na,VO,, and 1% Triton 100X
and protease inhibitor cocktail (Sigma-Aldrich, USA) and
then homogenized with a Polytron PT-10/ST homogenizer.
The homogenates underwent centrifugation at 10,000 g
for 10 minutes at 4°C. The obtained supernatants were
removed from the homogenates quickly frozen at -80°C.
The Bradford method was used for determination of
the concentration of proteins and cytokine activity in
supernatants.

1 Adaptation Perfusion
15 minutes 85 minutes
Adaptation Ischemia Reperfusion
2 15 minutes 30 minutes 55 minutes
Adaptation Ischemia Que 10 Reperfusion
3 15 minutes 30 minutes minutes 45 minutes
Adaptation Ischemia 5-HD Reperfusion
4 15 minutes 30 minutes 10 45 minutes
minutes
5 Adaptation Ischemia Que+5-HD Reperfusion
15 minutes 30 minutes 10 minutes 45 minutes
6 Adaptation Ischemia L-NAME Reperfusion
15 minutes 30 minutes 10 minutes 45 minutes
7 Adaptation Ischemia Que+L- Reperfusion
15 minutes 30 minutes NAME 45 minutes
10 minutes

Fig.1: Experimental protocol. Except the Sham, which was perfused constantly for 85 minutes, the remaining hearts were subjected to 30 minutes of
global ischemia followed by 55 minutes of reperfusion. 100 nM of Que was administered for 10 minutes at the onset of reperfusion. 5-HD (100 uM) or
L-NAME (100 uM) was also administered for 10 minutes at the onset of reperfusion with Que absence or presence (n=7 per group). Que; Querctin, 5-HD
(5-hydroxydecanoate); mitoK, , channel blocker, and L-NAME (L-nitro-arginine methyl ester); NO synthase blocker.
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ELISA for measurement of tissue levels of cytokines

The supernatant levels of IL-1B, TNF-a, and IL-6 were
determined using an enzyme-linked immunosorbent assay
(ELISA) rat specific kit according to the manufacturer’s
protocol (Bender Medsystems, Austria). Pro-inflammatory
cytokines concentrations were quantified relative to a
standard curve. The optical density (OD) of each well was
read at a wavelength of 450 nm. TNF-q, IL-1p, and IL-6
levels were expressed as picograms per milligram of total
protein.

Statistical analysis

Data are presented as means + standard deviation
(SD). Statistical comparisons between experimental
groups were made using ANOVA with Tukey multiple
comparison test. A P<0.05 was considered statistically
significant.

Results

Quercetin  postconditioning improved cardiac
contractility during myocardial ischemia/reperfusion

LVDP was applied to evaluate alterations in cardiac
function. Induction of global ischemia for 30 minutes
resulted in a significant decrease of LVDP in the
experimental groups compared with ischemic values
(Fig.2). In the 10™ minute of reperfusion, the recovery of
the cardiac function was increased after the administration
of Que to the perfusion solution in the Que-treated group
against rats that were not treated with Que (control or
SHD-treated, L-NAME treated, respectively). The LVDP
was significantly higher in the Que-receiving group as
compared with the control group (P<0.05). The recovery
of myocardial function due to QPC was completely
abolished by 5-HD. Similarly, administration of L-NAME
eliminated the effects of QPC on LVDP.

-~ Sham

Stab 15 min  Ischemia
-@- Con
J @- QPC

40 -
C T
-O- 5HD

120 4 -~ L-NAME
-@- QPC+5HD
100 4 -@- QPC + LNAVE

Reperfusion

80 1

60 7

LVDP (mgHg)

40 7

20 7

Stab Ischemia 10 min 30 min 50 min

Fig.2: Left ventricular developed pressure (LVDP) changes in all
experimental groups. The data were expressed as mean + SD (n=7 per
group). QPC; Quercetin postconditioning, *; P<0.05 QPC vs. control group,
and min; Minutes.
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Quercetin postconditioning decreased the release
of creatine kinase during myocardial ischemia/
reperfusion

The activities of CK were used to assess the injury of
the myocardium. Levels of CK in the coronary effluent
in I/R group were significantly increased compared with
the sham group (P<0.01). The increased levels of CK
were significantly attenuated by QPC (P<0.01, Fig.3).
The effects of Que were abolished by the addition of
the NO inhibitor, L-NAME, and the mitoK _, channel
blocker, 5-HD. However, there was no significant
difference in CK level between the control, and 5-HD
group and L-NAME group and 5-HD+QPC group,
L-NAME+QPC group.

*%

Sham Con QPC  5-HD L-NAME 6&-HD L-NAME
e |

+QPC

Fig.3: CK release during reperfusion 10 minutes in each experimental
group. Data are presented as mean * SEM (n=7 per group). *; P<0.01
vs. Sham group; **; P<0.01 vs. control, QPC; Quercitin postconditioning,
5-HD; mitoK, , channel blocker, L-NAME; NO synthase blocke, CK; Creatine
kinase, and Con; Control.

Quercetin postconditioning decreased tissue levels
of tumor necrosis factor-alpha during myocardial
ischemia/reperfusion

The results are shown in Figure 4. TNF-a level in
the QPC group was significantly (P<0.01) decreased
compared to the control group, and similar results were
seen for 5-HD+QPC, L-NAME+QPC groups compared
with the control group (P<0.05). Blocking the mitoK

ATP
channels using 5-HD and blocking the mitoK,  channels

ATP
using 5-HD, did not reverse the TNF-a-lowering influence

of Que.
Quercetin postconditioning decreased tissue levels of
IL-6 during myocardial ischemia/reperfusion

QPC caused a statically significant decrease in the
IL-6level in the Que-treated group vs. untreated control
hearts (P<0.05, Fig.5). No significant difference was
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observed between 5-HD+ QPC, L-NAME-+QPC groups
and untreated control hearts during reperfusion.

TNF-a (pg/mg protein)

Sham Con QPC

5-HD L-NAME 5-HD L-NAME
| — |
+QPC

Fig.4: TNF-a level after reperfusion in each experimental group. Data
are presented as mean * SEM (n=7 per group). *; P<0.01 vs. control
group, *; P<0.05 vs. QPC; **; P<0.05 vs. control group. QPC; Quercitin
postconditioning, 5-HD; mitoK _, channel blocker, L-NAME; NO synthase
blocker, TNF-a; Tumor necrosis factor-alpha, and Con; Control.

50 -
40 1
30 1

20 1

IL-6 (pg/mg protein)

10 1

o-
Sham Con QPC 5-HD L-NAME 5-HD L-NAME
[E—

+QPC

Fig.5: IL-6 level after reperfusion in each experimental group. Data are
presented as mean = SEM (n=7 per group).*; P<0.05 vs. control group, #
P<0.05 vs. QPC, QPC; Quercitin postconditioning, 5-HD; mitoK,, channel
blocker, L-NAME; NO synthase blocker, IL-6; Interleukin-6, and Con;
Control.

Quercetin postconditioning decreased tissue levels of
IL-1P during myocardial ischemia/reperfusion

QPC significantly reduced the IL-1B level in the
treated group compared with control hearts that were
not treated with Que (P<0.05, Fig.6). No significant
difference was observed between 5-HD+QPC,
L-NAME+QPC groups and untreated control hearts
during reperfusion.
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100 A

80 A

60

40 -

IL-16 (pg/mg protein)

Sham Con QPC  5-HD L-NAME 5-HD L-NAME
e —
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Fig.6: IL-1B level after reperfusion in each experimental group. Data are
presented as mean = SEM (n=7 per group). *; P<0.01 vs. control group, #;
P<0.05 vs. QPC, QPC; Quercitin postconditioning, 5-HD; mitoK, channel
blocker, L-NAME; NO synthase blocker, IL-1B; Interleukin-1f, and Con; Control.

Discussion

Previous studies documented a wide range of beneficial
effects of Que on the cardiovascular system, such as blood
pressure, left ventricular hypertrophy and myocardial
I/R. In the present study, we used a rat model of MIRI to
examine the protective effect of QPC against inflammatory
response induced by I/R injury. We observed that QPC
significantly improves decreased LVDP levels, and
attenuates increased CK and pro-inflammatory cytokine
levels induced by I/R injury. Importantly, the mitoK,_,
channels inhibitor, 5-HD and NO inhibitor, L-NAME
reversed the QPC protective effect on MIRI, indicating
that mitoK, = channel and NO activation could play a

.. ATP 7
critical role in this regard.

In the present study, QPC significantly reduced IL-1, IL-
6, and TNF-a levels compared with the untreated control
group. Our results about anti-inflammatory properties
of Que are consistent with a previous study done by
Dong et al. (25) which indicated that Que attenuated
inflammatory cytokines such as TNF-o, IL-6 and IL-
1B in serum and cell supernatants in the rat heart model
of I/R injury. Hong-Bo Jin showed that Que treatment
inhibits inflammatory responses during MIRI through
ameliorating the expression of both TNF-a and IL-10 and
decreasing the levels of inflammatory cytokines in serum
and cell supernatants (26). Liu et al. (19) indicated that
pre-treatment with Que decreased the levels of C-reactive
protein (CRP), IL-1p and TNF-o in a myocardial
ischemia injury rat model. Thus, inhibitory effects of Que
on the pro-inflammatory cytokines production may be a
mechanism through which Que protects the heart against
I/R injury.

Reperfusion of ischemic myocardium leads to an
overproduction of ROS. I/R-mediated overproduction
of ROS is also important for induction of inflammatory
responseinthe infarcted myocardium (6,27). Inflammatory
reaction plays an important role in MIRI. Accumulating
evidence indicated that the inflammatory response
promotes the release of TNF-a from the ischemic tissue.



The secreted TNF-a further stimulates the release of
pro-inflammatory cytokines from infiltrating neutrophils
and macrophages and produces more pro-inflammatory
cytokines, such as [L-6 and chemokines (21, 28). IL-6
contributes to the extent of infarct size in the early
phase of myocardial I/R (29). Also, a high levels of pro-
inflammatory cytokines, such as TNF-o and IL-1f during
acute myocardial ischemia, lead to exaggerated cardiac
functional depression and cardiomyocyte apoptosis
(30). Reducing the levels of inflammatory cytokines
(IL-6, IL-18, and TNF-a) could protect hearts against
MIRI (31). These results demonstrate that ischemia-
induced inflammatory response leads to apoptosis in
cardiomyocytes, and inhibition of inflammatory response
protects hearts from ischemia injury. Therefore, strategies
limiting the inflammatory response has become one of
the useful therapeutic adjuncts in the clinical treatment of
MIRI. It is important to reduce the production of ROS by
natural antioxidants such as Que because clevated levels
of ROS have been the focus of considerable attention as
initiators of inflammatory response. Mitochondria are
widely recognized as the main source of these ROS (32).

Several studies confirmed that conditioning strategy
and pharmacological interventions mediate myocardial
protection by attenuating mitochondrial dysfunction and
ROS generation (9, 33). mitoK, , channels have been
reported to play a key role in conditioning mediating
protection (10, 34). Opening these channels modulates
the synthesis of ROS and prevents Ca®* overload,
mitochondrial dysfunction and cell death (9, 10). Inaddition,
it was shown that oral administration of rats with a low
dose of Que exerted cardioprotective effects in isolated
rat heart models during I/R injury and these protective
effects of Que may be mediated through improving
mitochondrial function (35). Que is known to attenuate
ROS generation and protect cardiomyocytes against I/R
injury (36, 37). In this study, the anti-inflammatory effects
of QPC were abolished by mitoK ., channels blockade,
which indicates that the anti-inflammatory effect of QPC
is mediated, in part, by activation of mitoK, , channels.
Consequently, since mitochondrial ROS greatly induced
inflammatory responses, inhibitory effects of Que on
inflammatory response may be at least partly due to
attenuation of mitochondrial ROS generation (essentially,
through increasing the activation of mitoK, , channels).

NO is another mediator that influences many aspects of
physiological processes including inflammatory response,
during MIRI (38). Although NO has been recognized
as a potent biological active molecule for a variety of
cardioprotective effects such as cardiac contractility
and regulation of vasodilation, NO actually has both
protective and detrimental role in myocardial I/R (13). In
response to myocardial ischemia, enhanced amount of NO
contributed to the formation of potent oxidative species
peroxynitrite, the reaction product of NO with superoxide
anions, which subsequently leads to significantly severe
myocardial damage and mediated the detrimental role of
NO (14). In contrast, NO is a reactive oxygen scavenger
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and by this action, increases antioxidant defenses;
furthermore, NO plays a critical role in defense against
MIRI through inhibition of respiratory chain. Inhibition
of mitochondrial respiration by NO results in decreased
oxygen-derived free radicals (16). Another mechanism
that might be involved in the cardioprotective effects of
NO during I/R injury is that NO increased the activity of
the mitoK, , channels (39, 40). Studies suggested that the
activity of the mitoK, , channel was increased directly
by NO.

Independently, NO could activate GC/cGMP/PKG
pathway and thereby leading to the mitoK, , channel
activation (16, 40). Based on the above, NO, with its
role in producing ROS, may be involved in the induction
of inflammatory response during I/R injury. Our results
showed that blocking NO system reversed the anti-
inflammatory effect of Que. The reason for the observed
results could be that Que inhibits several enzymes that
are involved in the generation of superoxide anions
such as xanthine oxidase. Additionally, in rabbit hearts
exposed to I/R injury, Que could reduce protein and
mRNA expressions of NADPH oxidase 2 and inducible
NO synthase (iNOS) (40). It was shown that Que
modulated eNOS expression in rat isolated aorta and
Que-supplemented diet modulated the expression and/
or activity of specific proteins NOX, thereby leading to
increased NO bioavailability in the heart of NO-deficient
rats. Also, Que scavenges superoxide anion by scavenging
superoxide radicals the bioavailability of NO improves.
On the other hand, Que inhibits the expression of enzymes
involved in ROS generation and by this action, prevents
the superoxide-mediated NO inactivation. Therefore, Que
increases the bioavailability of NO, thereby it may intensify
the activation of mitoK . channels and ultimately leads
to reduction of ROS generation. However, we did not
detect the effect of mitoK,  channel blockade with 5-HD
and NO system blockade with L-NAME on the reducing
effect of Que on TNF-a. We hypnotized that there were
other possible molecular mechanisms involved in this
event.

Conclusion

Our results showed that Que improved cardiac
function in rats with cardiac I/R injury. The level of
pro-inflammatory cytokines (TNF-a, IL-6, and IL-1)
and the level of CK-MB were significantly decreased
in the Que-treated group as compared with the control
group. Reduction of the inflammatory response by Que
is associated with its cardioprotective effects during I/R
injury. The anti-inflammatory effects of Que are exerted
partly through the mitoK,  channels and NO system.
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Abstract
Objective: Research suggests that fine particulate matter (PM2.5) contributes to the expansion and development of
atherosclerosis. Infiltration and proliferation of vascular smooth muscle cells (VSMCs) from the blood vessel media into
the intima, is an important step in the atherosclerosis pathophysiology. Afrocyclamin A, is an oleanane-type triterpene
saponin, isolated from Androsace umbellate, which is commonly used in Chinese herbal medicine. In the study, we
examined the effect of Afrocyclamin A on PM2.5-induced VSMCs proliferation and scrutinized possible mechanisms of
action.

Materials and Methods: In the experimental study, counting Kit-8 (CCK-8) assay was used for estimation of VSMCs
viability. BrdU immunofluorescence was used for estimation of VSMCs proliferation. The levels of antioxidant parameters
such as malonaldehyde (MDA), superoxide dismutase (SOD), and glutathione (GSH); proinflammatory cytokines such
as interleukin-1p (IL-1B), IL-6, tumor necrosis factor-a (TNF-a), nitric oxide (NO), endothelin-1 (ET-1), and vascular
cell adhesion molecule-1 (VCAM-1), were estimated. The expression of proliferating cell nuclear antigen (PCNA) and
phospho-p38 MAPK (p-p38 MAPK) was assessed.

Results: Compared to PM2.5-treated cells, in addition to reducing PM2.5-induced VSMCs proliferation, Afrocyclamin
A reduced the expression of PCNA and p-p38 MAPK, down-regulated the level of TNF-a, IL-1B, IL-6, VCAM-1, MDA
and ET-1, and up-regulated SOD, GSH and NO level. Furthermore, the anti-proliferative effect of Afrocyclamin A was
considerably increased following co-incubation of Afrocyclamin A with SB203580 (p38 MAPK inhibitor) in comparison
with Afrocyclamin A-treated cells.

Conclusion: Based on the results, we can conclude that Afrocyclamin A might reduce PM2.5-induced VSMCs
proliferation via reduction of p38 MAPK signaling pathway.
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Introduction

Previous researches suggested that the particulate
matter less than 2.5 um (PM2.5) air pollution exposure
is related with overall cardiovascular mortality,
cardiovascular disease (CVD) and mortality and long-
term exposure of PM2.5 was found to be related to the
risk of atherosclerosis, the underlying pathology of
CVD (1). According to the American Heart Association,
PM2.5 accelerates the expansion of atherosclerosis and
ischemic disease (2). It was exhibited that exposure
to PM2.5 for 1 year is positively concomitant with the
carotid intima-media thickness in the general population,
which is considered a significant index of subclinical
atherosclerosis and contributes to the expansion of the
atherosclerotic vascular disease (3). Furthermore, an in
vivo study demonstrated that PM2.5 could induce systemic
inflammation and oxidative stress and contributes to the
expansion of atherosclerosis. Nevertheless, the underlying
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mechanisms of PM2.5-induced atherogenesis has not
been fully explained.

Vascular smooth muscle cells (VSMCs) are considered
the key constituent of the blood vessel wall and essential
regulators of vascular function (4). Physiologically,
VSMCs also help to regulate the blood flow, maintain
the vascular tone, circulate the oxygen and equally
distribute the nutrients. Moreover, during the arterial
restenosis and atherogenesis, the biology of VSMCs
is altered. VSMCs modify the contractile phenotype
to the proliferate abnormally, synthetic phenotype and
synthesize extracellular matrix proteins, which play a
crucial role in the intimal hyperplasia and development
of vascular injury.

Studies suggested that atherosclerosis pathogenesis
and neo-intimal thickening post-angioplasty involve
excessive proliferation and migration of smooth muscle
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cells (SMCs) from media into the blood vessels (4, 5). It
is well documented that enhanced expressions of various
factors such as platelet-derived growth factor (PDGF)
and basic fibroblast growth factor (bFGF) also take part
in the formation of atheroma (6). The above discuss
agonists activate the mitogen-activated protein kinase
(MAPK) and phosphoinositide 3-kinases (PI-3) pathway
and uphold proliferation and migration of VSMCs
leading to their consequent deposition in the plaque. In
the current experimental investigation, we scrutinized the
anti-atherosclerotic effect of Afrocyclamin A on PM2.5-
induced VSMC:s proliferation and explored the underlying
mechanism.

Materials and Methods

Afrocyclamin A was received as a gift sample.
Bafilomycin Al, 3-Methyladenine (3-MA), ammonium
chloride and chloroquine were purchased from the
Sigma Aldrich, USA. Transforming growth factor beta
1 (TGF-B1) as purchased from Peprotech Inc. (Rocky
Hill, NJ, USA). Pro-inflammatory cytokines such as
tumor necrosis factor-oa (TNF-a), interleukin-1B (IL-
1B), IL-6 were purchased from the eBioscience (San
Diego, CA, USA). Counting Kit-8 (CCK-8) (CK04) was
purchased from Dojindo Molecular Technologies, Inc.,
USA; superoxide dismutase (SOD), glutathione (GSH),
malonaldehyde (MDA), catalase (CAT) and nitric oxide
(NO) were purchased from Jiancheng Bioengineering
Institute (Nanjing, China). Collagen, type, o-actin,
microtubule-associated protein 1light chain 3 (LC3),
B-catenin and histone antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies
for Beclin-1, Atg5 and osteocalcin were purchased from
Epitomics (Burlingame, CA, USA).

In vitro study
Collection and preparation of PM2.5

PM2.5 samples were prepared based on a previously
reported method with minor modifications (4). Briefly,
Zefluor PTFE membrane filters were used for the
collection of PM2.5 samples using the low volume
particle samplers. PM2.5 samples were extracted from
the filters by soaking for 30 minutes in ultra milli-Q water
followed by sonication for 60 minutes. After that, arotary
evaporator was used to concentrate the extracts which
were then filtered through a Teflon membrane and kept
in a dark place at -20°C to maintain the chemical stability
until assayed.

Cell culture

Human aortic VSMCs were purchased from Chinese
Academy of Science Cell Bank (Shanghai, China).
Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with fetal bovine serum (FBS, 10%) and
antibiotics (100 pg/ml streptomycin and 100 pg/ml of
penicillin) was used for the culture of the VSMCs. In
order to scrutinize VSMCs proliferation induced by
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PM2.5, the cells were treated with different concentration
of Afrocyclamin A for 24 hours (7). To further scrutinize
the effect and potential mechanism of Afrocyclamin A on
PM2.5-induced VSMCs proliferation, cells were treated
with different concentrations of Afrocyclamin A of p38
MAPK inhibitor for 1 hour and followed by the addition
of PM2.5 for 24 hours.

Estimation of cell viability

The cells were seeded at a density of 1x10*well in 96-
well plates and cultured at 37°C in CO, (5%) incubator
for 24 hours. After that, the medium was successfully
replaced with the serum-free medium for the next 24
hours. After the above-discussed treatment, the medium
was again replaced with the medium containing CCK-
8 (10 pl) for 2 hours. Another one blank wells were
performed with containing the CCK-8 (10 pL). Finally,
the absorbance was read at 540 nm using nanodrop
reader. Cell proliferation was estimated according to the
following formula:

Cell viability=[A (PM2.5)~A (blank)]/[A (PBS)~A (blank)].

Biochemical and antioxidant parameters

The levels of MDA and SOD were estimated using
colorimetric assay kits. The level of NO was estimated in
the VSMCs culture supernatant using the nitrate reductase
method according to the manufacturer’s instructions.
Radioimmunoassay technique was used for the estimation
of ET-1 based on the manufacturer’s instruction.

In vivo study

Animal

A total 30 Wistar rats (100-150 g) were used for the
experimental study. Theratswerereceived fromtheinstitute
animal house. The rats were kept in the polyethylene
cages under standard conditions (temperature 22 + 3°C;
60 =+ 5 relative humidity) and they received standard diet
and water ad libitum. The rats were acclimatized 7 days
before the experimental study. The current experimental
study was approved by the institutional animal Ethical
Committee (202008-1006).

Cell culture and treatment

Wistar rats were sacrificed, the aorta was successfully
removed and the VSMCs were isolated as previously
reported (8, 9). The isolated VSMCs were cultured in the
DMEM supplemented with FBS (10%) and maintained
under CO, (5%) at 37°C in a humidified atmosphere. The
cells were cultured in the DMEM and the expression
of known marker protein a-actin was assessed using an
immunofluorescence assay. After that, the VSMCs were
washed with phosphate buffered saline (PBS) and re-
cultured in the serum-free medium for the next 24 hours,
before stimulation by TGF-B. Various concentrations of
afrocylamin A were used for further experiments.



Transfection of vascular smooth muscle cells

For the over-expressed the expression of B-catenin in
VSMCs, cells were transferred with either empty vector or the
same vector containing a cDNA encoding wild type B-catenin.
Briefly, the cells were cultured in the plates and grown for 24
hours until they reached 50-60% confluence. Then VSMCs
were transfected with WT B-catenin or empty vector using the
transfection reagent based on the manufacturer’s instructions.

Cell viability assay

MTT assay was used to assess cell viability. Here,
5x103 cells were seeded in the 96-well plates overnight.
After that, the cells were treated with the test drug and
incubated with 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl
tetrazolium bromide (MTT, 5 mg/ml) for 3 hours and
subsequently, solubilized in dimethyl sulfoxide (DMSO,
200 ul). Finally, the absorbance was read at 570 nm using
an enzyme-linked immunosorbent assay (ELISA) reader.

Calcification analysis

To estimate cell calcification, QuantiChromTM Calcium
Assay Kit (Bioassay Systems, Hayward, CA) was used
for the estimation of calcium content. The absorbance
was read at 612 nm using an ELISA reader.

Nuclear and cytosolic fractionation

After culturing VSMCs, the cells were washed with
ice-cold PBS. A previously reported method was used
for the extraction of cytosolic and nuclear protein with
minor modifications. Briefly, VSMCs were harvested
in the hypotonic lysis buffer and incubated on the ice
for 5 minutes. After that, the cell lysate was chilled for
10 minutes on ice and then, vigorously shaken in the
presence of Nonidet P-40 for 10 minutes and centrifuged
for separating the nuclear fraction. The supernatants
containing the cytosolic protein were collected. For the
collection of nuclear fractionation, the high salt buffer
was added to the extract with continuous shaking and the
extract was centrifuged for collection of the supernatants.

Statistical analysis

Data was analyzed by ANOVA, followed by Tukey’s
post hoc test, using the Graphpad Prism 7 version software
(USA). Data is presented as means + SEM. A value of
P<0.05 was considered significant.

Results

Effect of Afrocyclamin A on PM2.5-induced
proliferation in vascular smooth muscle cells

BrdU immunofluorescence and CCK-8 assay kits were
used for estimation of cell proliferation. Figure 1A shows that
the PM2.5 (200 mg/1) increased VSMC:s cell viability. Figure
1B shows that PM2.5 (200 mg/1) exposure for 24 hours led to
a considerable enhancement of VSMCs viability. Figure 1C
demonstrates that Afrocyclamin A treatment (0~50 uM) for
24 hours compared to the untreated cells. Moreover, PM2.5
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(200 mg/1)-treated cells pretreated with Afrocyclamin A (50
uM) were considered in subsequent experiments. PM2.5
considerably enhanced VSMCs viability as compared to
the untreated cells, which was inverted by Afrocyclamin A
in a dose-dependent manner. The anti-proliferative effect of
Afrocyclamin A was increased via SB203580 as compared
to Afrocyclamin A-treated cells (Fig.1D). The results showed
that the pro-proliferative effect of PM2.5 on VSMCs, was
reversed by Afrocyclamin A treatment. As shown by the BrdU
immunofluorescence assay, PM2.5 (200 mg/l) considerably
enhanced VSMCs proliferation as compared to the untreated
cells (Fig.1E). Afrocyclamin A reduced PM2.5-induced
proliferation of VSMCs, and the antiproliferative potential of
Afrocyclamin A was increased by SB203580 administration
as compared to Afrocyclamin A-treated cells.
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Fig.1: Effect of Afrocyclamin A on VSMCs proliferation. A. Cell were
increased after 24 hours. B. Cells were stimulated with PM2.5 (200
mg/l) at different time intervals, C. Cells were treated with different
concentrations of Afrocyclamin A (0, 6.25, 12.5, 25, 50 and 100 uM), D.
Cells were treated with different concentrations of Afrocyclamin A and
SB203580 (p38MAPK inhibitor) for 1 hour, followed by addition of PM2.5
(200 mg/l) for 24 hours, and E. Cells were treated with Afrocyclamin A and
SB203580 (p38 MAPK inhibitor) for 1 hour, followed by addition of PM2.5
(200 mg/I). VSMCs; Vascular smooth muscle cells.

Effect of Afrocyclamin A on antioxidant parameters
on vascular smooth muscle cells

Figure 2 shows the effect of Afrocyclamin A on the
antioxidant parameters in VSMCs. PM2.5 (200 mg/1)
increased the level of MDA as compared to control and
treatment with Afrocyclamin A significantly (P<0.05) and
dose-dependently reduced the level of MDA.

An opposite trend was observed in SOD and GSH levels.
PM2.5 (200 mg/l) reduced the level of SOD and GSH
and treatment with Afrocyclamin A dose-dependently
increased their level almost near to the control group.

Effect of Afrocyclamin A on the level of endothelin-1,
nitric oxide and vascular cell adhesion molecule-1 in
vascular smooth muscle cells

Figure 3 exhibits the level of endothelin-1 (ET-1), NO
and vascular cell adhesion molecule-1 (VCAM-1) in the
treated and untreated cells. Compared to the untreated
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cells, PM2.5 considerably increased the level of ET-1, NO
and VCAM-1 and treatment with Afrocyclamin A dose-
dependently reduced the level of ET-1, NO and VCAM-
1. These effects of Afrocyclamin A were increased by
SB203580 as compared to the Afrocyclamin A-treated cell.
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Fig.2: Effect of Afrocyclamin A on the antioxidant enzymes in VSMCs. A.
Level of MDA, B. GSH, and C. SOD. The results are displayed as mean +
SEM (n=3). Compared to the PM2.5 (200 mg/l), *; P<0.05, **; P<0.01 and
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Effect of Afrocyclamin A on the cytokines in vascular
smooth muscle cells

Compared to the untreated cells, the levels of pro-
inflammatory cytokines such as TNF-a, IL-1ff and IL-6,
were increased in the PM2.5-treated cells. Afrocyclamin
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A considerably decreased the level of cytokines such as
TNF-a, IL-1p and IL-6 in a dose-dependent manner. These
effects of Afrocyclamin A were enhanced by SB203580
as compared to the Afrocyclamin A-treated cell (Fig.4).
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Fig.4: Effect of Afrocyclamin A on the pro-inflammatory cytokines in
VSMCs. A. Level of IL-6, B. IL-1p, and C. TNF-a. The results are displayed
as mean * SEM (n=3). Compared to the PM2.5 (200 mg/l), *; P<0.05,
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Non significant.
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Effect of Afrocyclamin A on the expression of
proliferating cell nuclear antigen and p-p38 MAPK in
vascular smooth muscle cells

Figure 5 exhibits the effect of Afrocyclamin A on the
expression of PCNA and p-p38 MAPK. Compared to
the untreated cells, the PM2.5-treated cells demonstrated
increased levels of PCNA and p-p-38 MAPK and
Afrocyclamin A considerably decreased the level of
PCNA and p-p38 MAPK in VSMCs. These effects
of Afrocyclamin A were enhanced by SB203580 as
compared to the Afrocyclamin A-treated cell.
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Fig.5: Showed the effect of Afrocyclamin A on the PCNA and p-p38MAPK
in VSMCs. A. Showed the level of PCNA and B. p-p38 MAPK. Method
described in the material and method section. The results are displayed
as mean + SEM (n=3). Compared to the PM2.5 (200 mg/L), *; P<0.05, **;
P<0.01 and ***; P<0.01. VSMC; Vascular smooth muscle cells and PCNA;
Proliferating cell nuclear antigen.

Discussion

Previous studies suggested that speedy industrialization
and urbanization in China have led to a sharp boost in
pollution emissions and energy consumption, especially
in the metro city (10, 11). Due to urbanization, pollution
is increased and coal consumption is increased during the
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winter season. According to the reports, only in Beijing,
there is an increase in the concentration of PM2.5 particles
due to continually increasing vehicle and coal use (12, 13).

Previous reports showed that the particulate matter is a
combination of different chemical compositions such as
elemental nitrate, carbon, ammonium ion, silicon, sulfate,
sodium ion and organic carbon matter (14, 15). According
to the aerodynamic diameter, particulate matter is divided
according to the size of particles as follows: <0.1 um (PM
0.1),<2.5 um (PM2.5), <10 um and thoracic particles (>10
um) (16). PM2.5 is very minute in size, which allows it to
easily threat the human health by entering via trachea and
going into the alveoli, penetrating via pulmonary air blood
barrier, diffusing into the capillaries and finally entering
the blood circulation (17). Consequently, the above
discussed points suggest that PM2.5 can affect CVD and
increase the CVD-related mortality. Due to increasing
pollution, there is an increase in the incidence of CVD
(18, 19). CVDs including atherosclerosis are related to
the endothelial dysfunction, and alteration of CVDs risk
factor leads to increased vascular function (20, 21).

Previous researches suggested that the vascular
calcification is a significant risk factor for cardiovascular
mortality and morbidity and it is also predominant in
the patients with atherosclerosis and diabetes (22, 23).
Considering that the vascular calcification is related to the
CVD risk factor, and various studies have attempted to
interrupt the demonstration of disease. It was suggested
that atherosclerosis is a progressive disease developed via
deposition of fibrous plaque and lipids in the arteries (24,
25). The etiology of atherosclerosis is very complicated
and its risk factors are hypertension, hyperlipidemia,
smoking, lack of exercise and genetic defects (26).
Various investigation suggested that PM2.5 may also take
part in the expansion of CVD especially atherosclerosis
(27, 28). It was shown that the endothelial dysfunction is
considered a pathological condition, mostly produced by
an imbalance between the vasoconstrictor and vasodilator
substances, and this disproportion leads to damage of
endothelium-dependent relaxation, which shows the
functional characteristic of endothelial dysfunction
(29, 30). All blood vessels play an important role in the
switch of vascular tone partially via secretion of powerful
vasodilators such as endothelium-derived hyperpolarizing
factor (EDHF) and NO (31). The dysfunction of
endothelial function is the 1st step towards the coronary
arteriosclerosis disease, and long term exposure to PM2.5
was linked with the reduced level of NO-mediated
endothelial function in a conduit artery independent of
cardiovascular risk factors (31, 32). PM2.5 exposures
resulted in increased level of inflammatory mediators and
oxidative stress (33, 34). Currently, few studies suggest
that plant-based drugs could decrease plasma calcification
and arterial calcification concentration, but the underlying
mechanism of action is still not clear. In the current
experimental study, we scrutinized the antioxidant and
anti-inflammatory effect of Afrocyclamin A against
PM2.5-induced VSMC:s.



During the expansion of atherosclerosis, the
transformation of VSMCs from the inactive contractile
phenotype towards the proliferative migratory phenotype
into the plaque area to form a fibrous cap, is generally
regarded as an important step in the formation of unstable
atherosclerotic plaques (35). VSMCs drifted into the
intima show an abnormally up-regulation in the production
of extracellular matrix and proliferation, which further
leads to the formation of the fibrous cap in atherosclerotic
lesions. During atherosclerosis, the level of endothelial
NO increased due to increase in the production of NO
from the NO synthase (eNOS). Decreases in the level of
NO, decrease the adhesion and aggregation of platelets
and inflammatory cells. Decreased NO production plays
a significant role in the expansion of leukocytes, which
further increased the inflammation reaction and further
increased the atherosclerotic plaque formation and
instability (4, 35).

VCAM-1 (immunoglobulin-like glycoprotein), takes
part in the adhesion of leukocytes to the endothelial
cells and afterward, starts the transmigration into the
arterial intima, and boosts the VSMCs proliferation via
focal adhesion kinase pathway (36). It was shown that
the pro-inflammatory cytokines such as IL-6, IL-1P
and TNF-a, can induce VSMCs migration/proliferation
and hypertrophic response, which can take part in the
expansion of atherosclerosis (37). During atherosclerosis,
the level of IL-6, IL-1p and TNF-a significantly increased
and treatment with Afrocyclamin A dose-dependently
reduced the level to almost near the control values.
Oxidative stress plays a significant role in the development
of atherosclerosis, and it is involved in the regulation
of VSMCs migration/proliferation and differentiation
(36). MDA (a marker of lipid peroxidation) acts as the
endogenous lipid peroxidation and it is generated as
the end product of lipid pre-oxidation (LPO). Other
significant antioxidant enzymes such as SOD, play a role
in the inhibition of neointima formation via attenuation of
proliferation and migration of VSMCs. Other antioxidant
enzymes like GSH, are reduced during atherosclerosis
due to increased oxidative stress (38). Treatment with
Afrocyclamin A significantly and dose-dependently
altered the level of antioxidant enzymes.

It is well documented that endothelial cells, take part
in the VSMCs hyperproliferation via MAPK-PI3K
pathway (39). MAPKs are a group of signaling molecules
that regulate apoptosis, proliferation, inflammatory
reactions and differentiation via activating various
downstream transcription factors. p38 MAPK is strongly
activated in response to vascular damage, and signaling
pathway of p38MAPK has been shown to affect VSMCs
proliferation in response to proliferative factors via
altering the progression of cell cycle linked proteins
(40). According to their study, the effect of puerarin
on the VSMCs proliferation is mediated via reduction
of p38 MAPK signaling pathway. In our experimental
study, Afrocyclamin A significantly inhibited the VSMCs
proliferation via down-regulation of antioxidant and
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pro-inflammatory cytokines and down-regulated the p38
MAPK signaling pathway.

Conclusion

In this study, we observed that PM2.5 treatment
significantly increased the VSMCs proliferation and
increased the expression of p-p38MAPK, enhanced the
level of IL-6, IL-1B, TNF-a, VCAM-1, MDA and reduced
level of SOD, GSH and NO. The above-discussed results
showed that PM2.5 might induce VSMCs proliferation
through p38 MAPK signaling pathway activation.
Afrocyclamin A significantly altered P38 MAPK and
reduced the VSMCs proliferation.
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Abstract

Objective: Our study aimed to investigate function and mechanism of miR-373 in proliferation and apoptosis of
pancreatic cancer (PC) cells by regulating NAD+-dependent histone deacetylase sirtulin 1 (SIRT1).

Materials and Methods: This experimental study included two PC cell lines AsPC-1 and PANC-1 in which expression
levels of miR-373 and SIRT1 were manipulated. The level of miR-373 was detected by reverse transcription quantitative
polymerase chain reaction (RT-gPCR) method. Expression levels of SIRT1, BCL-2, BAX, cleaved CASPASE-8/9/3,
PARP, PGC-1a, NRF2, eNOS and iNOS were examined via RT-qPCR and western blotting, respectively. The binding
sites of miR-373 on the SIRT1 were examined via dual-luciferase assay. Cell proliferation and apoptosis were examined
by MTT assay, colony formation assay, Annexin-V/PI staining and TUNEL assay. The oxidative metabolic changes were
monitored by reactive oxygen species (ROS), malondialdehyde (MDA) and superoxide dismutase (SOD) detection.

Results: miR-373 could specifically target the 3'-UTR of SIRT71 and reduce its expression in PC cells. Either elevated
expression of miR-373 or partial loss of SIRT1 inhibited cell proliferation and induced cell apoptosis. Accumulation of
BAX and cleaved CASPASE-8/9/3, inhibition of PGC-1a/NRF2 pathway, increase oxidative stress and reduction of
BCL-2 as well as uncleaved PARP were found in the presence of miR-373 or the absence of SIRT1. Overexpression
of SIRT1 could reduce anti-proliferative and pro-apoptotic effects of miR-373.

Conclusion: Overall, this study concluded that miR-373-dependent SIRT1 inhibition displays anti-proliferative and pro-
apoptotic roles in PC cells via PGC-1a/NRF2 pathway, which highlights miR-373 as a potential target for PC treatment.
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Introduction

Pancreatic cancer (PC) is a notoriously fatal malignant
tumor, characterized by a highly aggressive potential of
invasion and metastasis (1, 2). At present, PC ranks the
4™ cause of cancer related death, with statistics suggesting
that it will eventually become the 2™ lethal cancer within
the next decade (3). Owing to the lack of incipient
symptom, PC patients are often diagnosed with a high-
grade stage (4). Neo-adjuvant treatment in combination
with radiotherapy/chemotherapy at present represents
the best chance of increasing overall survival of patients
(5). However, local recurrence and cancer metastasis to
other organs suggest frequent issues faced during the
treatment of PC (6). Therefore, it is urgent to explore new
therapeutic strategies for PC treatment.

microRNAs (miRNAs), as a group of small non-
coding RNAs, can bind to target genes and suppress their
expressions (7, 8). Over the last decade, miRNAs have
been highlighted due to their crucial roles in the molecular
processes involved in the initiation and progression of
various tumor types (9-12). For instance, miR-373 was
shown to be dramatically down-regulated in PC, and
this decline of miR-373 expression facilitated invasion

of cancer cells by enhancing epithelial-mesenchymal
transition (13). In line with this work, down-regulation
of miR-373 was also proved in the serum of PC patients,
suggesting miR-373 might serve as an independent
predictor for early detection and prognosis of PC (14). It
was reported that miR-373 targeted Cycin D2 (CCND?2)
to promote the chemosensitivity of gemcitabine via cell
cycle pathway in pancreatic carcinoma cells (15). miR-
373 could mediate gingyihuaji formula (QYHJ) effect on
reversing gemcitabine-triggered resistant of human PC
(16). However, the downstream regulatory mechanism of
miR-373-mediated PC progression is still rarely reported.

Silent mating-type information regulation 2 homolog
(SIRT1) is an NAD'-dependent class III histone
deacetylase, which has key roles in metabolic control
(17). Increasing studies showed that SIRT1 was induced
in PC and involved in the regulating proliferation and
viability of PC cells. Recently, miR-373 was proved as a
potential therapeutic strategy for renal fibrosis by playing
regulatory role in modulating SIRT1-mediated NF-kB/
MMP-9 signaling (18). However, study of the relationship
between SIRTI and miR-373 in PC progression is yet
unclear. SIRT1 participates in mitochondrial biogenesis
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to maintain cellular redox homeostasis by deacetylation
of PGC-1a, which is a peroxisome proliferator-activated
metabolic regulator (19). The shear stress-induced SIRT1
could initiate PGC-1a production and activation, and thus
it could enhance mitochondrial biogenesis (20). Nuclear
factor E2-related factor 2 (NRF2), as an important
cellular oxidative stress regulatory transcript factor,
is an effective drug target for antioxidant therapy (21).
NRF2 is transported to nucleus and induces production of
downstream detoxification as well as antioxidant enzymes
to produce an antioxidant effect in response to oxidative
stresses (22, 23). SIRT1 was revealed to promote activity
of NRF2 and increase expression levels of the NRF2
downstream genes (24). Hitherto, the role of miR-373 on
proliferation and apoptosis of PC cells via modulation of
PGC-1a/NRF2 pathway is a mystery.

Presently, the study of miR-373 regulated SIRT1 in PC
is still lacking and the roles of this regulatory axis in the
PC progression are unclear. Therefore, based the previous
studies, the crucial objective of this study is to investigate
miR-373-mediated SIRT1 regulation and its roles in the
growth and progression of PC. Hopefully, this work can
shed some light on finding alternative therapy method for
PC and enrich the theoretical bases of PC treatment.

Materials and Methods
Cell culture

In this experimental study, PC cell lines AsPC-1 and
PANC-1 were obtained from American Type Culture
Collection (ATCC, USA). PC cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-
Aldrich, USA) supplemented with 10% fetal bovine
serum and 100 U/mL penicillin/streptomycin (Thermo
Fisher Scientific, USA) in a humidified 37°C incubator
with 5% CO,. Further experiments were performed once
cell confluence reached 70-80%.

Cell grouping and transfection

PC cells were trypsinized and inoculated into 24-well
plates. After removing culture medium, the cells were
classified into the following groups: i. miR-373 negative
control (NC) group (cells were treated with NC for miR-
373 mimics), ii. miR-373 mimics group (cells were treated
with miR-373 mimics to elevate expression of miR-373),
iii. shNC group (cells were treated with NC for shRNA as
negative control), iv. shSIRTI group (cells were treated
with shRNA-SIRTI to knockdown SIRTI), v. miR-373
mimicstpcDNA3.1-NC (cells were treated with miR-
373 mimics followed by the pcDNA3.1 empty vector),
and vi. miR-373 mimics+pcDNA3.1-SIRT! (cells were
treated with miR-373 mimics followed by pcDNA3.1-
SIRTI vector). The cells were transfected for 48 hours
as above indicated, according to the guidelines for the
Lipofectamine™ 2000 (Invitrogen, USA). miR-373 NC,
miR-373 mimics, shNC, shSIRTI, pcDNA3.1-NC and
pcDNA3.1-SIRTI were all purchased from GenePharma
(Shanghai, China).
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Dual-luciferase reporter gene assay

Binding sites between miR-373 and SIRTI were
predicted based on a bioinformatics prediction website
(http://mirtarbase.mbc.nctu.edu.tw/php/index.php).  The
fragment sequences involved at the site of action were
obtained. Dual-luciferase reporter gene assay was adopted
to detect the relationship between miR-373 and SIRTI and
to identify whether SIRT1 was indeed a direct target gene
of miR-373. According to the binding sequences of 3'-
UTR of SIRT1I, both the wild type and mutation sequences
were designed and synthesized accordingly from Sangon
Biotech (Shanghai, China). SIRT1 3’-UTR was cloned into
pGL4 luciferase reporter plasmid (Promega, USA). Cells
were co-transfected with pGL4-SIRT! or control pGL4
reporter plasmid and miR-373 mimics for 48 hours by
Lipofectamine™ 2000 (Invitrogen, USA). Changes in the
luciferase activity among the groups were detected using
a dual-luciferase detection kit (D0010; Beijing Solarbio
Science & Technology Co. Ltd., China). The fluorescence
intensities were observed by GLomax20/20 Luminometer
(E5311; Shaanxi Zhongmei Biotechnology Co., China).

MTT assay

MTT assay was performed to test cell proliferation.
Transfected PC cells were seeded into 96-well plates and
then incubated for 12 hours. 20 ul of MTT (Sigma-Aldrich,
USA) was added into 96-well plates and incubated for 4
hours in a humidified 37°C incubator with 5% CO,. Then,
medium was removed and 150 pl dimethyl sulfoxide
(DMSO, Sigma-Aldrich, USA) was added into 96-well
plates. Finally, following shaking at 25°C for 15 minutes,
the optical density was measured at 490 nm by microplate
reader (Bio-Rad Laboratories Inc., USA).

Colony formation assay

PC cells were seeded in 6-well plates with 500 cells/
well and cultured in a humidified 37°C incubator with 5%
CO, for 2 weeks. The cells were washed with phosphate
buffer saline (PBS, Sigma-Aldrich, USA) and then fixed
by 70% ethanol for 3 minutes after formation of clear
colonies. The cells were then stained for 30 minutes with
1% crystal violet (Beyotime, China). The colony number
was counted under the microscope.

Apoptosis assay

Apoptotic cells were observed via Annexin V-FITC
Apoptosis Detection Kit (Sigma-Aldrich, USA) following
the manufacturer’s directions. Cells were collected and then
washed with pre-cold PBS for twice and resuspended in 1x
binding buffer. The cells were labeled with 5 pl Annexin
V-FITC for 15 minutes and then 5 pul of PI for 10 minutes at
25°C in dark. The cells were checked through a FACSCanto
II flow cytometer (BD Biosciences, Germany).

TUNEL assay

Cleavage of genomic DNA during apoptosis was
measured with In Situ Apoptosis Detection kit from



KeyGen BioTech Ltd. (Jiangsu, China). The samples
were rinsed for 3 times with PBS solution. Then, 100 pl
Proteinase K solution (9:1 mixture of PBS and Proteinase
K) was added at 37°C for 30 minutes and washed with
PBS for 3 times. In the following step, 50 ul TdT enzyme
solution was added into the cell samples and incubated
at 37°C for 60 minutes in dark. After washing with PBS
for 3 times, the samples were supplemented with 5 pl
Streptavidin-Fluorescein solution and 45 pl Labeling
Buffer, and incubated at 37°C for 30 minutes in dark. After
washing with PBS and staining with 4’,6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich, USA) the cells were
observed and photographed via fluorescence microscope.

Analysis of oxidative stress indicators

Cells were lysed with Tris-HCl (Beijing Biotopped
Science & Technology Co., China) and treated with
extraction buffer (150 mM NaCl, 1 mM Na EDTA, | mM
EGTA, 2.5 mM sodium pyrophosphate and 1% NP-40)
on ice. The cells were then centrifuged at 12,000 rpm at
4°C for 10 minutes. The cell lysates were used for further
reactive oxygen species (ROS), malondialdehyde (MDA)
and superoxide dismutase (SOD) measurement. ROS,
MDA and SOD values of PC cells were detected using
the kits produced by Nanjing Jiangcheng Bioengineering
Institute (China), and measurement was conducted
according to the protocols provided by the manufacturer.

RNA extraction and reverse transcription quantitative
polymerase chain reaction

Total RNA was extracted from PC cells using Trizol
Kit (ThermoFisher Scientific, USA) based on the
manufacturer’s instruction, followed by measurement of
RNA concentration. The primers were synthesized from
TaKaRa Biotechnology Co. (China). Sequences of PCR
primers were as follows:

miR-373-
F: 5"-GTAGCAGGATGGCCCTAGAC-3’
R: 5"-CGCCCTCTGAACCTTCTCTT-3"

SIRTI-
F: 5"-TAGCCTTGTCAGATAAGGAAGGA-3’
R: 5"-ACAGCTTCACAGTCAACTTTGT-3"

U6 snRNA-
F: 5"-AAAGCAAATCATCGGACGACC-3”
R: 5"-GTACAACACATTGTTTCCTCGGA-3’

GAPDH-
F: 5"-GTCGGAGTCAACGGATTTGG-3’
R: 5-AAAAGCAGCCCTGGTGACC-3’

Reverse transcription was conducted by the PrimeScript
RT reagent Kit (TaKaRa Biotechnology Co.). The obtained
cDNA was diluted to 50 ng/pul to perform reverse transcription
quantitative polymerase chain reaction (RT-qPCR) with
SYBR Premix EX TaqTM kit (TaKaRa Biotechnology Co.)in
an ABI 7500HT real time PCR system (Applied Biosystems,
USA). Glyceraldehyde phosphate dehydrogenase (GAPDH)
and U6 snRNA were used as internal controls for mRNA
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and miRNA, respectively. Relative expression levels were
measured by the 2-44% method.

Western blotting assay

The cells were harvested and lysed with RIPA
buffer (Sigma-Aldrich, USA). Protein concentration
of each sample was evaluated by bicinchoninic acid
(BCA) protein assay kit (Yi Sheng Biotechnology Co.,
China). After separation by SDS-PAGE, the proteins
were transferred onto polyvinylidenefluoride (PVDF)
membranes, and sealed with 5% bovine serum albumin
(BSA) at room temperature for 1 hour. The membranes
were incubated with primary antibodies SIRT1, BAX,
BCL-2, CASPASE-9, CASPASE-8, CASPASE-3, PARP,
PGC-10, NRF2, eNOS, iNOS and GAPDH for 12 hours at
4°C. Then, the membranes were washed three times with
Tris-buffered saline containing 0.1% Tween 20 (TBST).
Diluted horseradish peroxidase (HRP)-labeled goat anti-
rabbit secondary antibody was added to the samples at
25°C for 1 hour. The membranes were again washed three
times with TBST, and the protein bands were visualized
using Immobilon Western Chemiluminescent HRP
substrate (Millipore, USA). Quantitative protein analysis
was performed by Image)J 1.48u software (National
Institutes of Health, USA). GAPDH was served as the
internal reference. The antibodies for western blotting
were produced by Cell Signaling Technology (USA).

Statistical analysis

All experiments were performed at least for three times
in triplicate. Data were expressed as mean + standard
deviation (SD). Data were analyzed with Prism 6.0
(GraphPad Software, USA). Statistical evaluation was
performed via Student’s t test between two groups and
one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test for multiple comparisons. Value of
P<0.05 was statistically considered significant.

Results

miR-373 negatively regulates SIRT1 expression level
by binding to SIRT1 3’-UTR directly

The expression of miR-373 was monitored by RT-qPCR
and the results showed that in comparison with the miR-
373 NC treated group, level of the miR-373 was boosted for
about 3-4 times after miR-373 mimics treatment in the both
AsPC-1 and PANC-1 cells (Fig.1A). This result suggested
successful introduction of miR-373 mimics into the PC cells
included in this study. To test whether miR-373 can regulate
SIRT1I related to proliferation and apoptosis of PC cells,
expression of SIRT1 was monitored upon the application
of miR-373 mimics. As indicated in Figure 1B, mRNA
level of SIRT1 was suppressed by overexpression of miR-
373 in the AsPC-1 and PANC-1 cells compared to miR-
373 NC treated group. Expression of SIRT1 was also
monitored at protein level by western blotting. Result
revealed that accumulation of SIRT1 protein in tested PC
cell lines was decreased about 50% upon overexpression
of miR-373 (Fig.1C, D). These results suggested the miR-
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373 suppressed expression of SIRT1 in PC cells.

As miR-373 was able to down-regulate the expression
of SIRT1, the potential target 3’-UTR sequence of
miR-373 in SIRTI was predicted (Fig.1E), and dual-
luciferase reporter assay was employed to identify the
potential interaction. As shown in Figure 1F, the relative
luciferase activity was declined significantly in AsPC-1

and PANC-1 cells co-transfected with miR-373 mimics
and constructs harboring wild-type of SIRTI 3°-UTR.
However, luciferase activity retained similar to control in
the cells transfected with miR-373 mimics and constructs
harboring SIRTI 3’-UTR with mutation at the predicted
seed binding sites (Fig.1F). According to these results,
we concluded that miR-373 was able to suppress SIRT1
expression by direct targeting.
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Fig.1: miR-373 negatively regulates SIRT1 expression level by binding to SIRT1 3’-UTR directly. A. Relative expression level of miR-373 in control and
mimics-transfected PC cell lines. B. Expression of SIRT1 evaluated by RT-gPCR under regulation of miR-373. C. Protein level of SIRT1 in miR-373 mimics-
transfected PC cell lines and control cells. D. Statistical analysis of the relative protein expression of SIRT1 in the presence of miR-373 overexpression.
E. The binding sequences between 3’-UTR of SIRT1 and miR-373. F. Luciferase activity detection. PC; Pancreatic cancer, RT-PCR; Reverse transcription-

polymerase chain reaction,*; P<0.05, and **; P<0.01.
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Restoring miR-373 or silencing SIRTI inhibits

proliferation of pancreatic cancer cells

To study the regulatory functions of miR-373
and SIRTI in proliferation of PC cells, MTT and
colony formation assays were conducted. The results
indicated that introduction of miR-373 mimics and
shSIRTI were both able to hinder proliferation of PC
cells (Fig.2A, B). Additionally, as presented in Figure
2C and 2D, transfection with miR-373 mimics and
shSIRT1 both impaired colony formation ability of the
AsPC-1 and PANC-1 cells versus control group. These
results indicated that overexpression of miR-373 or
knockdown of SIRT! could dispute proliferation of PC
cells.

Restoring miR-373 or silencing SIRT1 facilitates
apoptosis of pancreatic cancer cells

To explore the effects of miR-373 and SIRTI on
cell apoptosis, the PC cells transfected with miR-
373 mimics or shSIRTI were analyzed. The data
collected using flow cytometry revealed that the
number of apoptotic PC cells in the both miR-373
mimics-transfected cells was increased significantly
in comparison with the control groups (Fig.3A).
Similarly, transfection of shS/RT increased apoptosis
ratio of PC cells in the two cell lines included in
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this study (Fig.3B). Furthermore, TUNEL staining
consistently showed that introduction of either miR-
373 mimics or shSIRTI could significantly promote
the number of TUNEL® cells in the both AsPC-1 and
PANC-1 cells (Fig.3C, D). All together, these findings
indicated that overexpression of miR-373 or silence of
SIRTI enhanced apoptosis of PC cells.

Restoring miR-373 or silencing SIRTI regulates
apoptosis-related proteins in pancreatic cancer cells

To further study the cellular mechanisms of
proliferation and apoptosis alteration in miR-373
mimics and shSI/RTI-transfected PC cells, western
blot was performed to examine the expression levels
of apoptosis-associated proteins. Introduction of miR-
373 mimics significantly increased accumulation
of BAX and cleaved CASPASE-8/9/3 in the two PC
cell lines included in this work, while the expression
levels of BCL-2 and uncleaved PARP were suppressed
(Fig.4A, B). Likewise, silence of SIRTI also promoted
expression of BAX and activated CASPASE-8/9/3 in
studied PC cells, whereas the accumulation of BCL-2
and uncleaved PARP were declined (Fig.4C, D). These
results indicated that miR-373 and SIRTI-mediated cell
apoptosis was mediated by activating CASPASE-8/9/3
signaling pathways in PC cells.
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Fig 2: miR-373 and SIRT1 regulate proliferation of PC cells. Proliferation of the AsPC-1 and PANC-1 cells after transfection of A. miR-373 mimics and B.
shSIRT1 were examined by MTT assay. Colony formation of the AsPC-1 and PANC-1 cells after transfection of C. miR-373 mimics and D. shS/IRT1 were
evaluated by colony formation analysis. PC; Pancreatic cancer, h; Hour, *; P<0.05, and **; P<0.01.
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Restoring miR-373 or silencing SIRT1 inhibits PGC-
1o/Nrf2 signaling pathway and improves oxidative
stress response in pancreatic cancer cells

Since SIRT1 was associated with alteration in the PGC-
1o/NRF2 axis, the effects of miR-373 overexpression or
SIRT1I silencing on PGC-10/NRF?2 signaling pathway were
studied. Western blot analysis indicated that the level of PGC-
lo, NRF2 and eNOS were dramatically decreased in miR-
373 mimics and shS/RTI-transfected PC cells. In contrast,
protein accumulation of iNOS was increased significantly
in these miR-373 mimics and shSI/RT!-transfected PC cells
(Fig.5A-D).

Since oxidative stress response was an early event in cell
apoptosis associated with PGC-10/ NRF2 signaling pathway,
the ROS, MDA and SOD levels involved in miR-373 and
SIRTI-mediated regulation were assessed in the PC cells. The
contents of ROS and MDA were significantly increased in PC
cell lines after transfection with miR-373 mimics or shSIRT]
in comparison with the control groups (Fig.5E, F), whereas,
the level of SOD was dramatically decreased by transfection
of miR-373 mimics or shSIRT! in the AsPC-1 and PANC-
1 cells (Fig.5G). These results suggested that accumulation
of miR-373 or silence of SIRT1 could lead to the activation

205

of oxidative stress response via suppressing PGC-10/NRF2
pathway in both of the PC cells.

miR-373 mediates proliferation and apoptosis of
pancreatic cancer cells by SIRT1/PGC-10/NRF2
signaling pathway

To elucidate whether the SIRT1/PGC-10/NRF2 signaling
pathway participates in the regulatory mechanism of miR-
373 in PC, AsPC-1 cells were treated with miR-373 mimics
followed by pcDNA3.1-SIRT1. As shown in Figure 6A and
B, MTT and colony formation assays showed no pronounced
difference regarding proliferation of PC cells between
miR-373 mimics and miR-373 mimicstpcDNA3.1-NC
groups. We found reduction of proliferative ability of PC
cells by miR-373 mimics was enhanced by overexpression
of SIRT1. The results of apoptosis analysis also showed no
significant difference of cell apoptosis between miR-373
mimics and miR-373 mimics+pcDNA3.1-NC groups, and
overexpression of SIRT1 inhibited cell apoptosis induced by
miR-373 (Fig.6C). Western blot analysis displayed increased
protein expressions of BAX and cleaved CASPASE-3,
while the protein levels of BCL-2 and uncleaved PARP
were reduced in PC cells treated with miR-373 mimics. In
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contrast, overexpression of SIRT1 reversed miR-373 mimics-
induced effects (Fig.6D). Subsequently, western blot analysis
also showed that transfection of pcDNA3.1-SIRT increased
protein levels of PGC-1a, NRF2, eNOS and decreased protein
level of iNOS in miR-373 mimics-treated PC cells, suggesting
that overexpression of SIRT1 reversed effects of miR-373
on PGC-1o/NRF2 signaling and oxidative stress response
(Fig.6E). As depicted in Figure 6F, no significant difference

A B

concerning the relative levels of ROS, MDA and SOD in
miR-373 mimics as well as miR-373 mimics+pcDNA3.1-
NC groups was observed. We found that reduced levels of
ROS and MDA and increased level of SOD in the presence of
miR-373 mimics were rescued by overexpression of SIRT1.
Overall, the results suggested that miR-373 inhibited PC cell
proliferation but accelerated apoptosis through modulating
oxidative stress response via SIRT1/PGC-10/NRF?2 axis.
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Discussion

PC is a lethal malignancy characterized by aggressive
biological behaviors with the pronounced potential for
invasion and metastasis, as well as resistance to many
available anti-cancer agents (25, 26). PC is generally
diagnosed in the more advanced stages, with a scarcity
of effective therapies available. The present study
demonstrated that SIRTI was verified as the direct target
of miR-373 in PC cells. Overexpression of miR-373
decreased cellular accumulation of SIRT1 and resulted
in the suppression of SIRT1-mediated PGC-1a/NRF2
signaling pathways. The downstream oxidative response
was enhanced by this mechanism, which hindered the
progression of PC by impairing PC cells proliferation in
one hand and enhancing apoptosis of PC cells on the other
hand. The roles of miR-373/SIRTI axis on regulating
proliferation and apoptosis in PC cells were studied for
the first time. Our findings provided the possibility that
miR-373 might serve as a potential new therapy for PC.

In our work, we proved that overexpression of miR-373
in AsPC-1 and PANC-1 cells not only caused suppression
of cell proliferation, but also boosted cell apoptosis.
These two effects, together, would result in inhibition
of PC development. In combination with the reality
that miR-373 level was dramatically declined in PC, we
concluded that miR-373 was indeed a tumor suppressor.
Silence of SIRTI also had similar effects on proliferation
and apoptosis in the examined PC cells. In our study, we
also found that application of miR-373mimics or shSI/RT
in PC cells could stimulate activation of apoptosis
through up-regulating expression of BAX and cleaved
CASPASE-8/9/3, while down-regulating expression of
BCL-2 and uncleaved PARP. Researches proved that
miR-373 had significant regulating functions in breast
cancer and seminoma (27, 28). In recent research, the
role of a miR-373 family member (miR-373-3p) in cell
growth of lung adenocarcinoma was profiled, by targeting
amyloid precursor protein (29). However, the function and
mechanism of miR-373 regulating PC progression have not
been much clarified. Zhang et al. (30) reported that miR-
373 could down-regulate expression levels of TP53INP1,
LATS2 and CD44 to promote PC development. Shao et
al. (31) proved that LATS2 reduced antioxidant protein
levels which in turn promoted the oxidative stress. These
studies suggested that miR-373 played important roles in
promoting development of pancreatic cancer. However,
we found that miR-373 could inhibit cell proliferation
and apoptosis via regulation of SIRT1/PGC-1a/NRF2
axis in pancreatic cancer, which was consistent with the
report of Nakata et al. (13) indicating that miR-373 was
down-regulated in PC and suppressed invasion of tumor
cells. Furthermore, Hua et al. reported that low level of
serum miR-373 predicted poor prognosis in patients with
PC (14). This was also consistent with our study. This
controversial conclusion needs to be further studied in
future. Additionally, interaction of miR-373 with LATS2
in PC is deeply worthy to explore and investigate, in our
lab in future.

Cell J, Vol 23, No 2, July 2021

Subsequently, we elucidated whether SIRT1/PGC-10/
NRF2 pathway participated in the regulatory mechanism
of miR-373 in PC cells. PC cells were treated with
miR-373 mimics followed by pcDNA3.1-SIRTI. Our
results suggested overexpression of SIRT1 reversed pro-
apoptotic an anti-proliferative effects of miR-373 on PC
cells. At the same time, inhibition of PGC-10/NRF2
signaling pathway mediated by miR-373 mimics was
weakened in the presence of pcDNA3.1-SIRTI. Dual-
luciferase reporter assay proved that miR-373 exerted
its regulating functions by direct interaction with SIRT].
The present work was a novel report about miR-373
negatively regulating SIRT interfered in PC progression.
Liu and Wilson (32) discovered that miR-373 was able to
target the 3'-UTR of mTOR and SIRTI mRNA to regulate
MMP-9 expression in fibrosarcoma HT1080 cells. In
addition, miR-373 was also found to up-regulate MMP-
9 by regulating SIRT], leading to activation of the RAS/
RAF/MEK/ERK pathways in fibrosarcoma cells (33).
Similarly, SIRT! was identified and proved as a direct
target of miR-373 in PC cells for the first time, in the present
work. Taken together, this conserved targeting pattern and
blocking SIRT1 expression by miR-373 suggested that
regulatory mechanisms of MMP-9, mediated by miR-373,
may also be existed in PC cells. This could be studied in
our future work. In the previous work, miR-373 was also
indicated as a potential “onco-miRNA” in other multiple
cancers (34).

SIRT1 plays importantroles in diverse cellular processes
including oxidative stress alleviation, oncogenesis,
aging and cancer progression (35). PGC-1a, as one of
downstream targets of SIRTI, is not only a regulator
of mitochondrial genesis, but also known to protect
from oxidative stress. Previous studies observed that
SIRT1/PGC-10/NRF2 signaling pathway was correlated
with various cellular responses to oxidative stress. For
instance, overexpression of SIRT1 strongly induced PGC-
1a/NRF2 expression levels in human cancer cells (36). In
our study, the enhanced oxidative metabolism was found
in the miR-373 mimics or shSIRT-transfected PC cells.
Here, we also found that miR-373 mimics or shSIRT!
could disturb expressions of PGC-1a and NRF2, while
up-regulate ROS and MDA levels. These results indicated
that overexpression of miR-373 could interrupt SIRT1-
mediated activation of PGC-10/NRF2 pathway, thus
enhancing oxidative stress, preventing PC progression.
A large number of studies have also shown that ROS
can stimulate tumorigenesis via oxidation of DNA and
subsequent mutation of genes promoting carcinogenesis
(37). ROS production has been detected in various cancers,
which has been proven to have various roles. For example,
ROS can activate pro-tumourigenic signaling, promote
cell survival and proliferation, in addition to driving DNA
damage and genetic instability (38). DeNicola et al. (39)
also reported activating a ROS-detoxification program
contributed to tumorigenesis. In contrast, Li et al. (40)
found that cardamonin suppressed tumor growth by
inducing G2/M phase cell cycle arrest and apoptosis via
upregulation of ROS. These studies suggested that ROS



could also promote anti-tumourigenic signaling, which
were consistent to our study. To summarize, this is a novel
research that studied miR-373/SIRTI axis and PGC-1o/
NRF2 pathway-mediated oxidative stress in the PC cell
proliferation and apoptosis.

Conclusion

To conclude, our observation demonstrated that miR-373
was revealed to participate in the modulation of apoptosis
and proliferation by directly targeting SIRT! in PC cells
for the first time. Moreover, the novel correlation of miR-
373/SIRTI axis with PGC-10/NRF2 pathway to regulate
proliferation and apoptosis of PC cells was studied. Our
results suggested miR-373 might be a potential drug target
for PC treatment.
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Abstract
Objective: Alzheimer’s disease (AD) is a type of dementia. Currently, there are not any existing and reliable methods
for the prognosis or diagnosis of AD. Hence, finding a diagnostic/prognostic biomarker for AD helps physicians to
prescribe the treatments and methods preventing disease progression. Circulating microRNAs (miRNAs) are the most
promising biomarkers due to their non-invasive and easily accessible for diagnosis and prognosis of AD. The aim of
current study is to evaluate expression levels of two unwell-known circulating miRNAs including hsa-miR-324-3p and
hsa-miR-331-3p in serums of AD patients and to understand their roles in AD physiopathogenesis by in silico analysis.

Materials and Methods: In this case and control study, to get the gene targets related to these two miRNAs, TargetScan,
miRTargetLink Human and mirDIP web servers were applied. In addition, gene networks and gene ontology enrichment
analysis were performed by STRING 10.5, KEGG and ShinyGO v0.41. Experimentally, expression levels of these two
miRNAs in the serum of 21 patients with AD and 23 healthy individuals were compared using the quantitative reverse
transcription polymerase chain reaction (QRT-PCR) method.

Results: The pathophysiological pathways associated with these two miRNAs were nucleotide metabolism and cellular
response to stress pathway. Furthermore, the upregulated expression levels of hsa-miR-324-3p and hsa-miR-331-3p
in comparison with the healthy control serums were not statistically significant (P>0.05).

Conclusion: Non-significant results were obtained from the expression levels of AD patients and two significant
pathways were obtained by networks and gene enrichment analysis.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative
and age-dependent disease in which the patients suffer
loss of memory, cognitive and behavior dysfunctions
(1-3). Investigations on postmortem AD brains showed
that is mainly relied on intracellular neurofibrillary
tangles (NFTs), extracellular (Amyloid B) AP plaques,
synaptic damage, loss of synapses, loss of synaptic
proteins, proliferation of reactive astrocytes and
activated microglia, deficiency in cholinergic neurons,
an age-dependent imbalance in hormones, as well as
structural and functional alterations in mitochondria
(4-13). Early manifestations in the pathogenesis and
progression of AD include synaptic damage, loss of
synapses and mitochondrial oxidative damage (12).
Besides, cognitive decline in AD patients are obtained
from lack of synapses and synaptic damage, as the
most obvious features (14). Aging is a step, making the
risk factor for developing AD in the society. However,
prognosis and diagnosis of AD can help physicians

recognize this neurological disorder to prescribe the
drugs delaying or preventing disease progression.

In this way, the molecular biomarkers are under
the spotlight for their potential roles. Nowadays,
recent achievements demonstrated that circulating
and blood-based miRNAs, as small non-coding
RNAs (20-24 nucleotides), can be applied as early
detectable peripheral biomarkers for aging and AD
as well as the other neurological diseases (15, 16).
There are some miRNAs that are involved in most
of the neurodegenerative diseases (8, 17). Kumar et
al. (18) demonstrated the discovery and validation of
the unique circulating miRNA signatures including
hsa-let-7d-5p, hsa-let-7g-5p, hsa-miR-15b-5p, hsa-
miR-142-3p, hsa-miR-191-5p, hsa-miR-301a-3p and
hsa-miR-545-3p in plasma, which could identify AD
patients from healthy controls.

Some studies also showed miR-324-3p was
downregulated in the brain tumor cells and suggested
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its hypothetical role as tumor suppressor (19-21). Liu et
al. (22) showed that miR-324-3p was downregulated in
the brain of an embolic stroke model and its expression
may be an indicator of recovery. In addition, Stappert
et al. (21) reported that miR-324-3p was upregulated
in neural cells compared to human embryonic stem
cells and it was further enhanced upon differentiation.
However, Vallelunga et al. (23) observed that miR-
324-3p, as a circulating miRNA, was upregulated in
the serum of Parkinson’s disease (PD) and Multiple
System Atrophy (MSA) patients in comparison with
healthy individuals. Until now, the literature on the role
of miR-324-3p in the function and mechanism of AD
is undefined. This clue persuaded us to find the miR-
324-3p expression level in the serum of AD patients
and the signaling pathways in which this miRNA can
be computationally involved. On the other hand, Wang
et al. (24) reported miR-331-3p was downregulated
in the cerebral cortex of Alzheimer’s patients (24).
Olivieri et al. (25) showed the upregulation of
miR-331-3p in the plasma of elderly individuals.
Balakathiresan et al. (26) used a rat model of learned
helplessness stress to identify significantly modulated
miRNAs in serum after traumatic stress and reported
miR-331-3p was upregulated. Epis et al. (27) showed
HuR and miR-331-3p participate in the overexpression
of ERBB-2 observing in some prostate cancers. Saba
and Booth (28) analyzed miRNA expression in the
mouse brain during prion-induced neurodegeneration
and reported that miR-331-3p was up-regulated. Wang
et al. (24) showed downregulation of Asa-miR-331-3p
in the brain white and gray matter of the female AD
patients. Zanette et al. (29) showed the upregulation
of hsa-miR-331-3p in acute lymphoblastic leukemia
(ALL) malignancies. This clue motivated us to focus
on the role of hsa-miR-331-3p in AD patients as a
circulating miRNA and to find computationally the
disease related pathways. Therefore, two miRNAs in
this paper, including hsa-miR-324-3p and hsa-miR-
331-3p, were considered by their expression changes
and enrichment analyses in serum of AD patients based
on pathophysiological approach.

Materials and Methods
Network and enrichment analysis

The publicly available databases including TargetScan
(http://www.targetscan.org/vert 71), miRTargetLink Human
(https://ccb-web.cs.uni-saarland.de/mirtargetlink) and
mirDIP (http://ophid.utoronto.ca/mirDIP/index.jsp) were
applied. The targets of hsa-miR-324-3p and hsa-miR-
331-3p were obtained using the options including strong
evidence, weaker evidence and predicted interactions
from miRTargetLink. In addition, the targets of these
two miRNAs were achieved according to the score class
(very high, high and medium) from mirDIP. Furthermore,
STRING 10.5 (https://string-db.org), KEGG biological
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pathway (https://www.genome.jp) and ShinyGO v0.41
(Gene Ontology Enrichment Analysis + more; http://
bioinformatics.sdstate.edu/go) by P value cut off= 0.05
for false discovery rate (FDR) were utilized to determine
the gene networks and gene ontology enrichment analysis.

Ethics statements

This research was done in accordance with the
Declaration of Helsinki. Informed consents were obtained
from all individual participants/their families for this
research. In addition, the research was confirmed by the
Ethics Committee of the University of Isfahan (Isfahan,
Iran), with the approval code of 98/50297.

Serum samples

In this case and control study, the patients included
in this survey were people with AD residing at the
Sadeghyeh Welfare Organization (Isfahan, Iran) between
December 2016 and February 2017. For this aim, 44
blood samples, including 21 patients with AD and 23
healthy individuals were collected. The AD patients were
diagnosed following the NINDS-ADRDA criteria (30)
and revised criteria from the National Institute on Aging-
Alzheimer Association (31). Blood samples were gained
by venous puncture, permitted to be clotted for 30 minutes
and centrifuged at 2000 rpm for 10 minutes to get the sera
sample. The sera were then collected and allocated into
the new tubes and stored at -80°C until.

RNA isolation
All  RNAs (including miRNA) were isolated
by miRCURY™ RNA Isolation Kit- Biofluids

(Exiqon, Denmark) from serum samples according to
manufacturer’s instruction. The ratio between the 260 nm
and 280 nm absorbance (A260/A280) provided us with
an estimate of purity of the RNA. The purity of extracted
RNAs was analyzed by NanoDrop Spectrophotometer
(ND-1000, Thermo Fisher, USA). All purified RNAs had
an A260/A280 ratio of 1.8-2.1 in 10 mM Tris-Cl, pH=7.5.
hsa-miR-451 (32, 33) and UniSp6 (recommended by kit)
were used as internal control and the spike-in control,
respectively. UniSp6 spike-in control was added to the RT
reaction mix.

cDNA synthesis, quantitative reverse transcription
polymerase chain reaction and polyacrylamide gel
electrophoresis

cDNAs synthesis for hsa-miR-324-3p, hsa-miR-331-
3p and hsa-miR-451 (internal control) were performed
by miRCURY LNA™ Universal RT microRNA PCR
(Exiqgon, Denmark), as indicated by the manufacturer, and
UniSp6, RNA Spike-in template was used as a positive
control. cDNA products were incorporated into a master
mix composed of 10 pmol/ul of Asa-miR-324-3p, hsa-
miR-331-3p and hsa-miR-451 DNA primers (Exiqon,
Denmark) and 2 U of ExiLEN SYBR® Green master
mix (Exiqon, Denmark). 20 pl of RT reaction was diluted


https://www.ncbi.nlm.nih.gov/pubmed/?term=Vallelunga%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24959119
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20x and 4 pl of the diluted cDNA was used in 10 pl
polymerase chain reaction (PCR) amplification reactions.
A non-template control (NTC) was added to verify the
specificity of the quantitative reverse transcription
PCR (qRT-PCR). Reactions of qRT-PCR were carried
out using Opticon Monitor 3 (Bio-Rad Laboratories
Inc., USA). All reactions were carried out in triplicate.
Data of qRT-PCR were assessed according to the 2-44¢T
method. All specific amplicons resulted from qRT-PCR
was loaded and electrophoresed on 12% non-denaturing
polyacrylamide gel electrophoresis (PAGE) in 1X Tris/
Borate/EDTA(TBE) buffer along with 50 bp DNA ladder
(Thermo Fisher Scientific, USA) and visualized by silver
staining.

Statistical analysis

Statistical tests were executed by SPSS (version 21, IBM
Corporation, USA). Student’s independent t test was done
to analyze the quantitative expression level of hsa-miR-
324-3p and hsa-miR-331-3p between different groups.
For all analyses P<0.05 were considered statistically
significant.

Results
Enrichment and signaling pathways

In the case of predicted targets of hsa-miR-324-3p
from mirDIP server, it was notable that integrated
scores was ranged between 0.067 and 0.014. In this
server, predicted targets of hsa-miR-331-3p were
qualified between 0.74 and 0.014 by integrated scores.
In the case of predicted targets of hsa-miR-324-3p from
TargetScan 7.1, it was noteworthy that total context++
score was between -1.87 and -0.05. In addition, in
this server, predicted targets of hsa-miR-331-3p were
qualified between -0.87 and -0.26 for total context++
score. Using KEGG server, 12656 predicted target
genes were totally pertained to hsa-miR-324-3p and
hsa-miR-331-3p (Table S1, S2) (See Supplementary
Online Information at www.celljournal.org), mainly
located on the chromosomes 1, 19, 2 and 11 by
P=3.1E-136 and P=1.4E-134, respectively (Fig.1A, B).
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Metabolic pathways for Asa-miR-324-3p and hsa-miR-
331-3p were engaged as the top predicted pathways
by P= 2.7E-36 and P= 7.7E-37, respectively [Tables
S1, S2 (See Supplementary Online Information at
www.celljournal.org), Fig.1C, D]. However, using
GO Biological process option, 76552 predicted target
genes were totally related to hsa-miR-324-3p and hsa-
miR-331-3p (Tables S3, S4, See Supplementary Online
Information at www.celljournal.org) mainly located
on the chromosomes 1, 19, 2 and 11 by P=3.1E-136
and P=1.4E-134 (Fig.2A, B). Cellular response to
stress pathway for hsa-miR-324-3p and hsa-miR-331-
3p were engaged, as the top predicted pathways by P=
2.6E-162 and P=5.6E-166, respectively [Tables S3,
S4 (See Supplementary Online Information at www.
celljournal.org), Fig.2C, D).

Expression analysis of hsa-miR-324-3p and hsa-miR-
331-3p in Alzheimer’s disease serum samples

Based on the qRT-PCR conclusions, the amplification
curve of hsa-miR-451 with average 21.28 threshold
cycle (Ct) and melting curve with 69.8°Cas temperature
(Tm) of primers by single pick and specific amplicon
were seen (Table 1). The amplification curve of hsa-
miR-324-3p and hsa-miR-331-3p had 30.92 and 31.77
Ct averages of AD samples in comparison with 32.01
and 34.97 Ct averages of healthy controls, respectively.
A 69.9°Cmelting curve for hsa-miR-324-3p and hsa-
miR-331-3p by single pick and specific amplicon were
observed. 12% PAGE system showed one specific
amplified product for three miRNAs including hsa-
miR-324-3p, hsa-miR-331-3p and internal control
of hsa-miR-451 (Fig.S1, See Supplementary Online
Information at www.celljournal.org). Using GraphPad
Prism 7 software, expression level and fold change
graph were depicted. Among the studied AD patients,
expression level of hsa-miR-324-3p andhsa-miR-331-
3p showed upregulation in comparison with the healthy
controls (Fig.3A, B). Statistical analyses revealed
that upregulated expression of hsa-miR-324-3p and
hsa-miR-331-3p were not statistically significant, by
respectively P=0.61 and P=0.78.

Table 1: Features of Alzheimer’s disease (AD) patients and healthy controls entered into the study

AD patients Sex Age (Y) Treatment status

Female  Male 50-65 65-80 80-95 Under treatment Without treatment
Percent (%) 71.42 28.57 28.57 47.61 23.80 14.28 85.71
Healthy controls Female = Male 50-65 65-80 80-95 Lack of special disease history With Age-related diseases
Percent (%) 43.47 56.52 65.21 30.43 434 86.95 13.04
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Fig.1: Predicted target genes were totally pertained to hsa-miR-324-3p and hsa-miR-331-3p, mainly located on the chromosomes 1, 19, 2 and 11 by KEGG
server results. A. Chromosomal distribution of predicted target genes for hsa-miR-324-3p. B. Chromosomal distribution of predicted target genes for hsa-
miR-331-3p. C. Network analysis for hsa-miR-324-3p by STRING server. D. Network analysis for hsa-miR-331-3p by STRING server.
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Fig.2: Predicted target genes were totally pertained to hsa-miR-324-3p and hsa-miR-331-3p, mainly located mainly on the chromosomes 1, 19, 2 and 11
by GO server results. A. Chromosomal distribution of predicted target genes for hsa-miR-324-3p. B. Chromosomal distribution of predicted target genes
for hsa-miR-331-3p. C. Network and protein-protein interaction analysis for hsa-miR-324-3p by STRING server. D. Network and protein-protein interaction

analysis forhsa-miR-331-3p by STRING serve.
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Fig.3: The relative expression graphs of hsa-miR-324-3p and hsa-miR-
331-3p. A. hsa-miR-324-3p was upregulated in Alzheimer’s disease (AD)
patients compared to healthy controls (P=0.61). B. hsa-miR-331-3p was
downregulated in AD patients compared to healthy controls (P=0.78).

Discussion

In silico analysis showed hsa-miR-324-3p and hsa-
miR-331-3p are involved in the cellular response to
stress and metabolic pathways particularly nucleotide
metabolism. It seemed that the functions of these two
miRNAs were directly or indirectly associated with
AD pathophysiology. Totally, the successful treatment
or prevention of AD remains elusive, because the
molecular mechanisms driving AD pathology remain
poorly understood (34). Different views of mitochondrial
dysfunction have been currently characterized as novel
components in the aetiology of AD. This is true not only
for neuronal mitochondria, but also for astroglial cells
which possess strong influence on neuronal function,
neuronal development. It has been related to the various
neurodegenerative diseases, encompassing AD and other
forms of dementia (35, 36). Buffering neurotransmitters
and ions (37) and metabolize glucose to lactate, the major
fuel for neurons (38), supplying neurons with substrates for
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oxidative phosphorylation (39, 40) are main mitochondrial
functions. On the other hand, damaged mitochondria
have been identified in brain tissue, in both familial and
sporadic types of AD. In addition, AD is characterized
by enhanced numbers of somatic, mitochondrial DNA
(mtDNA) mutations, defect of oxidative phosphorylation,
imbalance between mitochondrial fission and fusion
as well as the alterations in mitochondrial structure,
dynamics and motility. Analysis of hippocampal biopsies
by microarray have demonstrated a significant reduction
of nuclear and one mitochondrial encoded subunits of
the mitochondrial electron transport chain in AD patients
compared to the age-matched controls. The inverse
Warburg hypothesis suggested a bioenergetic model for
AD, presuming that AD is an outcome of mitochondrial
deregulation, concluding metabolic reprogramming as
a beginning attempt to retain neuronal integrity. When
this compensatory mechanism is exhausted, bioenergetic
deficiencies may result in neuronal death and dementia.
Therefore, mitochondrial dysfunction may indicate the
missing connection between aging and sporadic AD,
andit shows attractive targets against neurodegeneration.
Usually, mitochondrial dysfunctions related to AD include
direct or indirect prevention of the ability of neuronal and
glial mitochondria to carry out oxidative phosphorylation.
One direct issue of decreased oxidative phosphorylation
is a decline of the ATP production and alterations of
mitochondrial bioenergetics crucial for the vitality of
cells. An important elevation of oxidized biomolecules
has been determined as a sign of AD in brain tissue.
Postmortem brains of AD patients showed increased
oxidative base damage in both nuclear DNA (nDNA) and
mtDNA. In addition, lipid peroxidation of neuronal tissue
and oxidative modifications of proteins has been shown
in AD. Increased oxidative stress promotes the formation
of AP plaques and NFTs has been indicated in a mouse
model. Oxidative damage is shown to be quantitatively
most predominant early event and it is decreased with
disease progression in human post-mortem AD brains (7).

The increased levels of reactive oxygen species (ROS)
in AD brain has often been proposed by a mitochondrial
origin. The high oxygen consumption rate of neurons
is used for oxidative phosphorylation and accumulated
damaged mitochondria in the AD brain. ROS are endlessly
made from up to 4% of the oxygen consumed, during the
process of oxidative phosphorylation, by this process.
Complex I and especially complex III of the electron
transport chain are the initial position for electron leakage
to molecular oxygen producing the superoxide anion (-O,).
Production of ROS is inversely related to the rate of electron
transport, elevating exponentially when complex I or III
are damaged. Mitochondrial generated ROS as a second
messenger molecule suggested to report oxygen available
for oxidative phosphorylation, influencing epigenetic
marking of nDNA and regulating nuclear transcription
factors, kinases and phosphatases.-O, is neutralized
by intramitochondrial Manganese (Mn)-dependent
superoxide dismutase (SOD,) catalyzing the formation

of H,O,, which in turn is inactivated by glutathione
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peroxidase. If the amount of generated ROS exceeds the
capacity of the mitochondrial antioxidant enzymes, ‘O,
and H,O, levels will be increased. The highly reactive OH-
canbe generated by Haber-Weiss or Fenton reactions, in the
presence of transition metals, such as iron or copper. OH-
accumulation can sequentially lead to a plethora of ROS,
which has the potential to induce oxidative harm to lipids,
proteins, RNA and DNA. Microglia cells are the origin of
increased generation of ROS as a part of an inflammatory
response in the AD brain. Supporting the idea, NADPH
oxidase, the major mediator of microglial ROS, has been
shown to be activated in the AD brain, as assessed by
translocation of NADPH oxidase subunits. Current studies
propose that mitochondrial generated ROS can work as
regulators of pro-inflammatory responses of microglia
cells. In case of nucleotide metabolism, nucleotide levels
in eukaryotes are retained by nucleotide salvage and/or de
novo synthesis of ribonucleotide triphosphate (rNTPs) and
deoxyribonucleotide triphosphate (dNTPs). Imbalanced
dNTP pools have been shown in AD patients and may be
an early risk biomarker for AD. Although the underlying
detailed mechanism remains unknown, it is conceivable
rNTP and/or ANTP pool imbalances carry out a function
in AD aetiology. Oxidative phosphorylation is related to
the synthesis of INTP and dNTP indirectly via production
of ATP and directly throughout the enzyme dihydroorotate
dehydrogenase (DHODHase). ATP is a main source of
cellular bioenergetic process. This molecule is utilized as
a substrate for INTP and ANTP synthesis. Furthermore,
binding of ATP to the active site of ribonucleotide
reductase (RNR) is essential for the key enzyme activation
of the ANTP de novo synthesis. DHODHase is an integral
protein of the inner mitochondrial membrane encountering
the inter membrane space and involving in the conversion
of dihydroorotate to orotate. This product is subsequently
converted into uridine monophosphates, pyrimidine
deoxyribonucleotides. Functionally, DHODHase is linked
to the oxidative phosphorylation by a flavinnon-protein
group coupling dihydroorotate oxidation to respiratory
ubiquinone reduction. Hypoxemia ribonucleotides and
pyrimidine, prevention of oxidative phosphorylation,
presence of electron transport chain inhibitors or mutations
of complex III and IV of the electron transport chain
leads to the deficiencies of the de novo UMP synthesis
and a subsequent decline in the de novo synthesis of
pyrimidines.

dNTP levels are significant substrates for mitochondrial
DNA replication and post replicative DNA repair
processes in post-mitotic cells such as neurons. rNTP
levels serve as the substrates for RNA synthesis,
pyrimidine ribonucleotides and the precursors for
phospholipids, glycolipids and glycoproteins synthesis of
the plasma membrane. Supporting the idea, expression of
genes encoding essential proteins for de novo synthesis
of pyrimidines and DHODHase have been indicated in
neuronal cell bodies of rat brain. High expression levels
of DHODHase and other de novo components were
recognized in the neocortex and hippocampus which
were severely influenced in AD patients. The fundamental
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functions of generated pyrimidines by mitochondria
in neurons can suggest a role for the engagement of
imbalanced dNTP levels in the actiology of AD.

According to the in silico and enrichment analysis,
engagement of the nucleotide metabolism and cellular
response to stress genes was probably confirmed as
the targets of hsa-miR-324-3p and hsa-miR-331-3p.
Experimentally, qRT-PCR results of these two miRNAs
were upregulated but not statistically significant. Our
result was in accordance with Vallelunga et al. (23)
result showing that upregulation of hsa-miR-324-3p
was occurred in the PD and MSA patient’s serums. In
addition, our result was in accordance with Olivieri et al.
(25) results indicating upregulation of Asa-miR-331-3p in
AD serum samples. They explained upregulation of the
miRNA in age-related disorders by miRNA array method.
They also reported the high expression level of Asa-miR-
331-3p in AD-plasma samples.

Conclusion

Based on the results of present study, has-miR-324-3p
and hsa-miR-331-3p expression levels did not significantly
increase in the patients suffering Alzheimer. It may be
concluded that these two miRNAs are not involved in the
pathogenesis of AD.
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Abstract

Objective: The present study aimed to screen the differentially expressed (DE) circular RNAs (circ-RNAs) between
lumbar intervertebral disc degeneration (IVDD) and normal tissues.

Material and Methods: In this experimental study, microarray hybridization was performed to evaluate circ-RNA
expression, and the DE circ-RNAs were confirmed by quantitative real-time polymerase chain reaction (QRT-PCR).
Host genes of DE circ-RNAs were predicted, and their functions were evaluated. Further, a competitive endogenesis
(ce) RNA network among 4 DE circ-RNAs-miRNA-mRNA was constructed by Cytoscape.

Results: A total of 2636 circ-RNAs were detected in all samples; among them, 89.23% were exonic circ-RNAs.
There were 138 DE circ-RNAs, including 134 up-regulated circ-RNAs and 4 downregulated circ-RNAs in VDD
samples. gqRT-PCR validation experiments showed that expression trends of hsa_circ_0003239, hsa_circ 0003162,
hsa_circ_0005918, and hsa_circ_0005556 were in line with the microarray analysis results. Functional enrichment
analysis showed that host genes of DE circ-RNAs significantly disturbed pathways of regulation of actin cytoskeleton,
propanoate metabolism, and ErbB signaling pathway. The four DE circ-RNAs related ceRNA network was constructed.

Conclusions: Our results revealed that circ-RNAs can function as miRNA sponges and regulate parent gene expression
to affect IVDD.
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Introduction

Human Iumbar intervertebral disc degeneration
(IVDD) disease contributes a lot to low back pain
(1). Numerous studies have indicated that a variety
of cellular events are disrupted in the progression
of IVDD, ranging from matrix synthesis to cytokine
expression (2). Although increasing evidence has
revealed that IVDD is a multifaceted spinal disease,
many studies have confirmed that the primary factors
contributing to IVDD are genetic factors (3, 4).

Circular RNAs (circ-RNAs) are newly defined non-
coding RNAs with special structures (5-7). Unlike linear
RNA, which terminates with the 5’ cap and 3’ tail, circ-
RNA forms covalently closed continuous loop structures
and are considered as evolutionarily highly conservative
and stable (8-10). Increasing evidence suggests that
circ-RNAs are present in nearly all types of species and
expressed in a tissue- and disease-dependent manner (11,
12). Therefore, circ-RNAs might more appropriate to
be used as a molecular diagnostic biomarker for various
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diseases, including colon cancer, ovarian cancer, and
gastric cancer (13-18).

Studies on circ-RNAs are in their early stages. Several
studies have shown that circ-RNAs are involved in
IVDD diseases and have determined their expression
profiles (19, 20). Wang et al. (21) demonstrated
that circ-RNAs regulated the viability, degradation,
apoptosis, and oxidative stress in nucleus pulposus (NP)
cells. However, the role of circ-RNAs in lumbar discs
and their overall contribution to IVDD pathogenesis
are few investigated. Recent studies found that circ-
RNAs can efficiently bind to miRNA and regulate
downstream mRNA expression indirectly; these were
termed as “competitive endogenesis (ce) RNA” (22).
In a recent study, Cheng et al. demonstrated that circ-
RNA VMAZ21 protects against IVDD through targeting
miR-200c and X linked inhibitor-of-apoptosis protein
(23). Circ-RNA_ 104670 functions as a ceRNA by
binding miR-17-3p to regulate the expression of MMP2
during NP degradation (24). Circ-4099 functions as a



ceRNA by blocking miR-616-5p inhibition of Sox9 in
IVDD (25). These studies suggested circ-RNAs can
act as ceRNAs to regulate the pathological process
of IVDD. Therefore, in this study, we performed
acirc-RNA microarray to screen the DE circ-RNAs
that might regulate the viability and functions of NP
cells. Quantitative reverse transcription-polymerase
chain reaction (QRT-PCR) was performed to validate
the microarray results. Besides, a ceRNA network of
circ-RNA-miRNA-mRNA was constructed. Our study
could provide novel data for IVDD diagnosis and
pathogenesis.

Material and Methods
Human nucleus pulposus sample collection

In this experimental study, NP tissues from degenerative
lumbar and normal lumbar were collected. The patient
demographics and IVDD grading were also collected.
Lumbar disc tissue (three lumbar disc tissues and three
normal tissues) was isolated from surgical operations,
immediately put into liquid nitrogen. This study was
approved by the Human Ethics Committees Review Board
at No. 89 Hospital of Chinese PLA (No.1893), Weifang,
China. The written informed consent was obtained from
all participants.

Microarray and quantitative analysis

Total RNA of samples was extracted by TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) and quantified using
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a NanoDrop ND-1000 (NanoDrop, Wilmington, DE,
USA). Sample preparation and microarray hybridization
were performed using Array star standard protocols, as
indicated in previous studies (26, 27). Raw microarray
data extraction and analysis were performed using
the R software package (version 2.15, http://www.r-
project.org/). First, the data were normalized and log2-
transformed. Then, the DE circ-RNAs between IVDD
and normal samples were identified by a t test based
on the thresholds of fold-change >2.0 and P<0.05.
Further, heat map, volcano plot, and MA plot were
drawn to display circ-RNA expression patterns among
samples.

Validation of differentially expressed circ-RNAs using
quantitative real-time polymerase chain reaction

The DE circ-RNAs in the microarray experiments were
further confirmed by qRT-PCR using the same samples of
circ-RNA microarray. Five DE circ-RNAs were selected
to verified based on their significant differences and
raw signal intensity of expression. B-actin as used as an
internal control. Total RNA was isolated and was reverse-
transcribed to cDNA using the SuperScript 11 First-Strand
synthesis system (Life Technologies, Carlsbad, CA,
USA). Further, the expression of the 5 DE circ-RNAs was
determined on the ABI7500 instrument (Thermo Fisher
Scientific, Waltham, MA, USA) using the SYBR Green |
kit (Thermo Fisher Scientific, Waltham, MA, USA) with
primers listed in Table 1. All qRT-PCRs were conducted
in triplicate.

Table 1: The primer sequence used in quantitative real-time polymerase chain reaction

Gene Primer sequences (5'-3") Annealing temperature (°C) Product sizes (bp)

p-actin (HUMAN) F: AGCACAGAGCCTCGCCTTTG 60 208
R: CTTCTGACCCATGCCCACCA

circ_0003239 F: CCAAGAGACTGCTTTTGAGTGACA 60 124
R: TTTTAGGAGGTCGGAGGGGATA

circ_0005556 F: GATGGACTGGTTCGCTTGGT 60 149
R: TTTCGTGATGATAAAGGATGCA

circ_0003162 F: CTCAGGAACCTTGGGTAATGTG 60 231
R: CCACTATTGTCAACATTAGCCAGA

circ_0075504 F: ATCTTTGGACTGACTGTGGCACT 60 202
R: GCATCCAGTTATTAGGTAGCCAAA

circ_0005918 F: GCAAGGAATGATTATCTTCTTACCC 60 187

R: GAGCCATCTGTTCAGTCTCAAAGT
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Construction of circ-RNAmiRNA-mRNA network

The potential miRNAs binding with DE circ-RNAs
were predicted by Array star’s in-house miRNA target
prediction software based on TargetScan and miRanda
(29, 30). A circ-RNA-miRNA-mRNA network was
then visualized using Cytoscape v3.0. Five confirmed
circ-RNAs, hsa_circ_0003239, hsa_circ_0003162, hsa
circ_0005918, hsa circ_0075504, andhsa circ_ 0005556,
were annotated in detail based on the circ-RNA-miRNA-
mRNA interaction network.

Statistical analysis

[N2, Control]
[N3, Control]
[N1, Control)

The statistical analysis of microarray data was
performed by the R software package (version 2.15,
http://www.r-project.org/). The statistical analysis of
qRT-PCR was performed using SPSS (version 13.0)
software (SPSS, Inc., Chicago, IL, USA). Differences
between the two groups were analyzed using the t B
test, and data were reported as the mean + standard
deviation (SD). P values of less than 0.05 were 7.28%
considered significant. g

[A3, Treatment]
[A1, Treatment]
[A2, Treatment]

1.82% ~163% _0.04%

Results

Screening of differentially expressed circ-RNA in
intervertebral disc degeneration

A total of 2636 circ-RNAs were detected by Arraystar
Human circ-RNA Array (Fig.1A). The results suggested
that the circ-RNAs consisted of 89.23% exonic circ-RNAs
(2352 circ-RNAs), 7.28% intronic circ-RNAs (192 circ-
RNAs), 1.82% intragenic circ-RNAs (48 circ-RNAs),
1.63% antisense circ-RNAs (43 circ-RNAs) and 0.04%
intergenic circ-RNAs (1 circ-RNA) (Fig.1B). There
were 134 up- and four down-regulated circ-RNAs in
degenerative lumbar NP samples compared with normal
control samples with the criteria of fold change >2.0 and

@

P<0.05 (Fig.1C, D) = exonic = intronic = intragenic = antisense = intergenic
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Fig.1: The circ-RNA microarray results. A. Exonic circ-RNAs accounted for
89.23%, followed by 7.28% intronic circ-RNAs, and 1.82% intragenic circ-
RNAs. B. Heat map showed the circ-RNAs detected in all samples. The row
of colored boxes indicated circ-RNAs, and the column indicated sample
names. C. Volcano plot and D. Scatter plot showing the DE circ-RNAs. DE;
Differentially expressed and circ-RNAs; Circular RNAs.

Validation results of selected circ-RNAs by quantitative
real-time polymerase chain reaction

Since the microarray data might generate some false-
positive results, we further verified the microarray results
by qRT-PCR using the same samples. Exonic circ-RNAs
were chosen based on their significant differences and raw
signal intensities of expression. Five circ-RNAs (hsa
circ_0003239, hsa circ_0005556; hsa circ_0003162;
hsa circ_ 0075504; and hsa circ_0005918) that were
up-regulated in the IVDD lumbar nucleus by 3.52, 5.05,
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5.33, 4.87, and 4.69-fold, respectively in the microarray
results were selected for validation. As shown in Figure
2, the relative expression levels of four circ-RNAs (hsa
circ_0003239,hsa circ 0003162, hsa_circ_0005918, and
hsa_circ_0005556) in qRT-PCR results were in line with
those in the microarray results. The objective circ-RNA
validation rate was 80%, suggesting that the microarray
results were reliable.

10 *k

Relative expression levels
o - N w » w o ~N o0 o

.
-

**k
I i I I i m N =

IVDD | Control | IVDD | Control | IVDD | Control | IVDD Contro|‘ IVDD | Control

circ_0003239 circ_0005556 circ_0003162 circ-0005918 ‘ circ_0075504

Fig.2: The expression levels of 5 DE circ-RNAs were validated by gRT-
PCR. Each gRT-PCR assay was performed in triplicate. **; P<0.01, DE;
Differentially expressed, circ-RNAs; Circular RNAs, qRT-PCR; Quantitative
real-time polymerase chain reaction, and IVDD; Intervertebral disc
degeneration.

Functional annotation of differentially expressed circ-
RNA s related to intervertebral disc degeneration

The host genes of DE circ-RNAs were predicted by
gene co-expression analysis, and GO and KEGG pathway
analyses were performed to investigate the functional
annotation of host genes of DE circ-RNAs related to
IVDD. At the criteria of P<0.05, 8 GO-CC terms, 6 GO-MF
terms, and 22 GO-BP terms were significantly enriched
by up-regulated circ-RNAs (Fig.3). The results suggested
the circ-RNAs were located in cytosol, cytoplasm, and
cell cortex and significantly involved in BP of positive
regulation of stress fiber assembly (host genes of
circBRAF, circPAK1, circLPAR1 and circARHGEF10L,
P=0.02411), biotin metabolic process (host gens of
circACACA, circACACB, and circPCCA, P=0.003482),
ubiquitin-dependent protein catabolic process (host genes
of circCUL3, circNPLOC4, circCUL4A, circUBE2GI,
circUSP34, and circFBXO7, P=0.006181) and Fc-gamma
receptor signaling pathway involved in phagocytosis (host
genes of circACTR2, circMYO10, circPTK?2, circDOCK 1
and circPAK1, P=0.008847). KEGG pathway enrichment
analysis found that the host genes of DE circ-RNAs
significantly disturbed pathways of regulation of actin
cytoskeleton (host genes of circARHGEF4, circPTK2,
circDOCK1, circBRAF, circITGA3 and circPAKI,
P=0.01254), propanoate metabolism (host genes of
circACACA, circACACB, and circPCCA, P=0.01468)
and ErbB signaling pathway [host genes of circPTK2,
circBRAF, circSTATSB, circPAK1, P=0.01982 (Fig.4)].
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Discussion

Studies have shown that many abnormal cell events
occur in the process of IVDD, such as the increase in
NP cell apoptosis, various inflammatory factors, and
matrix metalloproteinase expression (31, 32). This
series of changes suggest that specific molecular gene
expression in the intervertebral disc is dysfunctional, and
the corresponding regulatory factors are altered, but the
etiology and the precise mechanism of disc degeneration
remain unclear. In this study, we performed acirc-
RNA microarray on human normal and degenerative
lumbar NP samples and identified 138 DE circ-RNAs in
intervertebral discs from IVDD and normal tissues. Five
DE circ-RNAs were selected, and four circ-RNAs (hsa_
circ_0003239,hsa circ 0003162, hsa_circ_0005918, and
hsa_circ_0005556) were successfully validated by qRT-
PCR, showing consistent results with microarray. The
four DEcirc-RNAs regulated 31 mRNAs by competitive
binding with 17 miRNAs in the ceRNA network. Notably,
hsa_circ 0003162 regulated 18 mRNAs by competitive
binding with hsa-miR-6848-5p, hsa-miR-6846-5p, hsa-
miR-2392, hsa-miR-664B-5p and hsa-miR-6814-5p. A
study of gastric cancer showed that hsa circ 0005556
and hsa circ 0003239 attenuate gastric  cancer
proliferation and metastasis (33). However, the other DE
circ-RNAs were not investigated previously. Although
the specific functions of most circ-RNAs remain unclear,
accumulating evidence has revealed the role of circ-
RNAs as miRNA sponges (34, 35). We speculated these
ceRNA relationships were important in the occurrence
and progression of IVDD. However, further experiments
are warranted to validate these relationships.

Functional enrichment analyses suggested that the host
genes of the upregulated circ-RNAs were significantly
involved in BP of positive regulation of stress fiber
assembly, biotin metabolic process, ubiquitin-dependent
protein catabolic process and Fc-gamma receptor signaling
pathway involved in phagocytosis as well as pathways of
regulation of actin cytoskeleton, propanoate metabolism,
and ErbB signaling pathway. Stress fibers are contractile
actomyosin bundles found in many cultured non-muscle
cells, where they have a central role in cell adhesion and
morphogenesis (36). The pathologic findings in IVDD
include protrusion, spondylolysis, and/or subluxation
of vertebrae (spondylolisthesis) and spinal stenosis. We
hypothesized that stress fiber assembly might play a role
in protrusion. Besides, a previous study suggested the
ErbB signaling pathway was disturbed in IVDD, which is
consistent with our study.

The strengths of this study are that the circ-RNA
microarray of IVDD samples generated hundreds of
DE circ-RNAs that might play essential roles in [IVDD
development. However, there are some limitations to this
study. First, the sample size of circ-RNA is relatively
small; only three samples in IVDD groups and three
samples in the control group were evaluated. Second,
though we constructed a ceRNA network for the verified
DE circ-RNAs, these ceRNA relationships were not
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verified by further in vitro or in vivo experiments. In our
further studies, we will perform experiments to validate
the ceRNA relationship in the DE circ-RNAs-miRNA-
mRNA network.

Conclusion

The circ-RNA microarray detected 2636 circ-RNAs
expression, with 134 upregulated circ-RNAs and four
down-regulated circ-RNAs in IVDD samples. The
gRT-PCR validation experiments showed that hsa
circ_0003239, hsa circ 0003162, hsa circ_ 0005918,
and hsa circ 0005556 expression levels were consistent
with the microarray analysis results. Our results revealed
more circ-RNAs that play important roles in IVDD
development.
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Abstract
Objective: Specific expression of therapeutic genes in cancer therapy has been per used for many years. One of the
innovative strategies that have recently been introduced is employing miRNA response elements (MREs) of microRNAs
(whose expression are reduced or inhibited in cancerous cells) into the 3"UTR of the therapeutic genes for their specific
expression. Accordingly, MREs of anti-metastatic miRNA family have been used in 3’'UTR of the metastasis suppressor
gene in the corresponding cells to evaluate the level of metastatic behavior.

Material and Methods: In this experimental study, 3’"UTR of the ZEB1 gene with 592 bp length, encompassing multiple
MREs of miR-141, miR-429, miR-200b and miR-200c, was employed to replace BRMS1 3"UTR. The obtained vector
was then assessed in the context of MCF-10A, MDA-MB231 and MCF-7 cells.

Results: It was shown that the employed MREs are able to up-regulate BRMS expression in the metastatic MDA-
MB231 cells (almost 3.5-fold increase), while it was significantly reduced within tumorigenic/non-metastatic MCF-7
cells. Specific expression of BRMS1 in metastatic cells led to a significant reduction in their migratory and invasive
characteristics (about 65% and 55%, respectively). Two-tailed student’s t test was utilized for statistical analysis.

Conclusion: It was demonstrated that a chimeric vector containing BRMS1 which is regulated by miR-200 family
response element may represent a promising therapeutic tool. This is due to the capability of the chimeric vector for
cell type-specific expression of anti-metastatic genes with lowest side-effects. It consequently prohibits the invasive

characteristics of metastatic cells.
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Introduction

Despite years of research, metastasis (a multi-steps
process through which the primary tumor cells pervade
neighbor tissues, while each of these steps requires tight
regulation) is still considered as the cause of approximately
90% of the mortalities related to the cancer and for this
reason, it has been particularly significant in the cancer
treatment investigation. In this regard, up-regulation
of the therapeutic genes in metastatic cancer cells have
always been a major challenge (1).

Different strategies have been introduced for specific
expression of therapeutic genes from which post-
transcriptional targeting has attracted enormous interest.
This targeting strategy can post-transcriptionally suppress
gene expressions via establishing sequence specific

interaction with the common miRNA response elements
(MREs) over 3" untranslated regions (3'UTRs) of the
associated miRNA targets (2).

Discovery of the abnormal expression of miRNAs
(down-regulation or up-regulation) in different steps
of malignancy, among the various cancers, have been
performed via the genome wide investigation methods,
containing distinct micro-array platforms and bead-
based flow-cytometry. This finding revealed that 3"UTR
of the down-regulated miRNAs (which contain their
microRNA target sequences) could be employed for
specific expression (3, 4).

For targeting metastasis, miRNAs which are involved in
epithelial-mesenchymal transitions (EMT) are thought to
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be the best choice, because EMT is one of the early steps
to promote malignant tumor progression (5). The above
procedure is defined by loss of epithelial features along
with the achievement of mesenchymal characteristics.
EMT could convert immotile epithelial cells into the
motile mesenchymal types (6).

It should be noted that miR-200 family has been
recognized as one of the fundamental regulators
of the epithelial phenotype by binding to zinc
finger E-box binding homebox1 and 2 (ZEBI and
ZEB2, respectively), two prominent transcriptional
repressors of polarity (CRB3 and LGL2) and cell
adherence (E-cadherin) genes. Their expressions
are significantly increased in metastatic cells which
have mesenchymal characteristics. In the cells with
epithelial characteristics, miR-200 family members
bind to their MREs on the ZEBI and ZEB2 3'UTR
and inhibit their expressions. Using ZEBI 3"UTR (that
include MREs of miR-200 family), in the 3'UTR of
a therapeutic gene as a post-transcriptional targeting
moiety, would be an effective strategy. Using this
strategy, specific expression of metastasis suppressor
gene in the invasive cells could be occurred (7). This
strategy has already been used for on colyticadeno-
viruses to possess specific nature to glioma cell by
miR-128, miR-124, miR-218 and miR-146b response
elements, as well as for specific expression of TRAIL
gene in uveal melanoma cells for growth suppression by
miR-34a, miR-137 and miR-182 response elements. The
results have been quite satisfactory (8, 9).

In order to select a proper therapeutic gene, pleiotropic
anti-metastatic genes are in priority. Due to its ability to
regulate multiple steps of metastasis (pleiotropic anti-
metastatic function), including metastatic colonization
at the secondary tissue site which is believed to be a
key vulnerability of metastatic cancer, the metastasis
suppressor genes may be the most relevant choice for
therapeutic intervention (10). One of the most applicable
members of metastasis suppressor family, which has
a great potential of metastasis inhibition, is the breast
cancer metastasis suppressor 1 (BRMSI).

BRMS]1 has been first described in 2000 following the
observation that entering a typical, neomycin-tagged
human chromosome 11 decreased metastatic potential
of the MDA-MB435 human breast cancer cells by 70-
90% with no prevention of primary tumor growth (11).
According to some studies, metastasis is repressed
by BRMSI via inhibition of several stages throughout
the process cascades such as migratory and invasive
phenotype, colonization, angiogenesis, programmed
cell death, cytoskeleton rearrangement, adhesion, gap
junctional intercellular communication and increasing
immune recognition by modulating numerous metastasis-
related genes along with the metastasis-regulatory
microRNA, called metastmiR. Some metastasis-related
genes, which are regulated by BRMS/ include: urokinase-
type plasminogen activator, fascin, epidermal growth
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factor receptor, osteopontin and C-X-C chemokine
receptor 4 (12).

BRMS]1 also over-expresses miR-146a, miR-146b and
miR-335 which inhibit metastasis. It down-regulates miR-
10b, miR-373 and miR-520c which promote metastasis. It
should be noted that some research found that metastasis
suppressor genes have been previously employed for
repressing metastasis of invasive cells and their results
were promising (13, 14).

Therefore, re-expression of BRMSI affects both
transcriptome and proteome (15-17). Considering these
extensive roles, BRMSI could be a rational choice to pave
the way for anti-metastatic therapy. In the present study,
we exploited the differential profiles of miRNA expression
among metastatic breast cancer cells and normal cells
to confer specific BRMS1 expression. Subsequently, we
evaluated the possibility and efficiency of miR-200 family
response elements for regulating particular expression
level of BRMSI.

Materials and Methods
Cell culture

In this experimental study, three cell lines were
obtained from ATCC (Manassas, USA) including non-
tumuorigenic phenotype of MCF-10A, tumourigenic
and non-metastatic phenotype of MCF-7 and metastatic
phenotype of MDA-MB231 breast cancer cell lines. It
should be noted that the medium selected for culturing
MCEF-10A cells is Dulbecco’s modified Eagle’s
Medium (DMEM, Life Technologies Inc., USA)/F12
with 0.5 pg/ml hydrocortisone, 20 ng/ml epidermal
growth factor (EGF), 100 ng/ml cholera toxin, 10 pg/
ml insulin and 5% donor horse serum as supplements.
MCF-7 cell line was propagated in DMEM/F12, 1%
penicillin/streptomycin (Gibco, USA) and 10% fetal
bovine serum (FBS, Gibco, USA). MDA-MB231 cells
have been grown in the conventional DMEM with 1%
penicillin-streptomycin solution (Life Technologies
Inc., USA) and 10% FBS as supplements in a moistened
atmosphere of 5% CO,.

Extraction of RNA and quantitative
transcription polymerase chain reaction

reverse

Based on the pre-determined plan, total RNA was
isolated from the three cell lines via the RNeasy
mini kit (Qiagen, Germany). cDNA was primed
in a randomized manner from total RNA through
the RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, USA). Quantitative reverse
transcription polymerase chain reaction (qRT-PCR)
assay was implemented three times by SybrPremix
Ex Taq II (Takara, Japan) on a Rotorgene 3000 series
PCR device (Corbett Research, USA) using the
following primers for ZEBI and ZEB2, in addition to
the endogenous BRMSI gene:
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ZEBI-
F: 5-GAG ATC AAA GAC ATG TGA CGC AG-3’
R: 5"-CTT CTC TCC ACT GTG AAT TCT TAA G-3°

ZEB2-
F: 5-AGG GAC AGA TCA GCA CCA AAT G-3°
R: 5-ACT CGT AAG GTT TTT CAC CAC TGT G-3’

BRMS1-
F: 5"-AGC TCT GAA TGG TGG GAT GAC-3’
R: 5’-CAC GAT GTATGG GCCAGA AAC-3’

After collecting the required information, Rotorgene
software was used to analyze the data. Moreover, the
comparative quantification feature of the Rotorgene
software was used to determine the relative levels of
expression. In addition, each mRNA quantification
datum was normalized to f-actin. All fold changes in the
expression were determined by using a comparative Ct
(AACY) technique.

Extraction of miRNA and quantitative reverse
transcription polymerase chain reaction

Extraction of the total RNA, with effective recovery
of small RNAs, was done in the three cell lines using
miRCURY RNA isolation kit (Exiqon, Denmark). Then,
cDNA was synthesized using the Universal cDNA
Synthesis Kit (Exiqon, Denmark).

With regard to the company’s guideline, the mature
form of miR-200 family was detected using LNA
microRNA Primer Sets and miRCURY LNA Universal
RT microRNA PCR Kit (Exiqon, Denmark). In the
next step, relative levels of expression were identified
using the relative quantification feature of Rotorgene
software. Then, U6 small nuclear RNA was employed
as an internal control. Afterwards, comparative Ct
(AACt) technique was applied for determining fold
changes of expression. Finally, a melting curve was
analyzed for all of the utilized primer collections, all
of which exhibited a single peak. They represented
specificity of the all experienced primers. All
assessments were performed three times.

Construction of plasmids

The 3’UTR sequence of the ZEBI was retrieved from
UTRdb. According to the results of qRT-PCR for miR-
200 family and bioinformatics analysis, 592 bp (from
nucleotide 756 to 1348) region in the central part of
ZEBI 3'UTR sequence, containing four miRNA binding
sites (miR-141, miR-429, miR-200b and miR-200c), was
amplified by the following primers:

5"-CGACGCGTCGGATAAGGACAGCAAAATCATC
AG-3’

5'-GACTAGTCAAAGTACATATGTCAGTAAGAAG
GG-37
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The PCR product was cloned into 3"UTR of luciferase in
pmiR-REPORT Luciferase miRNA Expression Reporter
(Ambion, USA) by Mlul and Spelrestriction enzymes
(Roche Applied Science, Australia; miR-report. ZEBI).
Control plasmid of pmiR-REPORT [-gal was employed
to normalize the transfection. Fidelity of PCR cloning was
confirmed by sequencing. The 592 bp fragment of ZEBI
3"UTR was also amplified using the following primers:

5"-CGCGTCGACGATAAGGACAGCAAAATCATC
AG-3’

5"-CGGGATCCAAAGTACATATGTCAGTAAGAAG
GG-37

Product of the amplification was cloned into
3'UTR of GFP in the control plasmid of pcDNA
6.2-GW/EmGFPmiR-neg  (pc, Invitrogen, USA)
through BamHI and Sall restriction enzymes (pc.Z,
Roche Applied Science). Verification of PCR cloning was
performed by sequencing.

It should be noted that optimization of BRMSI
gene sequence was performed by  GenScript
(Genscript Corporation Piscataway, USA) in order
to reach the highest probable level of expression.
Afterwards, the optimized gene was cloned into both pc
and pc.Z plasmids using the restriction enzymes Sall and
Dral, which were called pc.BR and pc.BR.Z respectively.
The accuracy of cloning was confirmed by sequencing.

Luciferase reporter assay

5x10* MCF-7 and MDA-MB231cells were plated in 24-
well plates. Then, they were incubated overnight. Both cell
lines were co-transfected in a 24-well plates with 0.10 pg
of the pmiR-report. ZEBI luciferase reporter vector and
0.05 pg of the normalization plasmid pmiR-REPORT f3-gal
using the Lipofectamine 2000 (Invitrogen, USA). Lysis
buffer was used to process the cells. Afterwards, luciferase
activities were measured using Dual-Glo Luciferase Assay
System (Promega, USA), 24 hours post-transfection. GFP
reporter assay was also performed using standard protocol.
It should be mentioned that the luciferase activities are
presented as the average of three independent tests.

miRNA mimics and inhibitors

miR-200b, miR-200c, miR-141 and miR-429 mirVana™
mimics and inhibitors (Invitrogen, USA) were completely
mixed and added to the cells (5x10* MDA-MB231 and
MCF-7 cells) with concentration of 40 nM (10 nM for
each mimic or inhibitor) using the Lipofectamine™
2000 based on the company’s guidelines. Twenty four
hours later, the cells were transfected with pc, pc.BR and
pc.BR.Z. Then, expression of BRMSI was assessed in
these cells by qRT-PCR following the optimized specific
primers (exogenous) for BRMSI genes:

5'-TACGAACGGAGAAGGAGCGA-3’
5’-CGCTCTGCTCCGACTTCCTCC-3’

All experiments were repeated three times.
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Transfections

The 24-well plates were used to plate 5x10% cells of
all three cell lines. Then, they were incubated overnight.
MDA-MB231 and MCF-7 cells were transiently
transfected by pc, pc.Z, pc.BR and pc.BR.Z, using
lipofectamin 2000 for the subsequent experiments. Each
transfection was carried out three times.

Trans well migration assay

In order to assess migration, 2.5x10* cells of three cell
lines, which were transfected by four constructs (pc, pc.Z,
pc.BR and pc.BR.Z) and serum starved cells, were plated
into the upper chamber on the non-coated membrane (24-
well insert, pore size 8 um, Millipore Billerica, USA).
Then they were allowed to migrate toward medium which
contains serum in the lower chamber. When they were
incubated at 37°Cin a 5% CO, humidified incubator for
24 hours, the cells on top of the chambers were eliminated
via wiping with a cotton swab. Then, the migrated cells to
the lower surface of filter were fixed in 4% formaldehyde
for 30 minutes. Afterwards, 0.5% crystal violet was
used to stain for 10 minutes. Next, cell migration was
scored by counting 10 random fields per filter below a
light microscope at x40 magnification. Each assay was
repeated three times.

Trans well invasion assay

Matrigel-coated Trans well cell culture chambers (8 pm
pore size) were used to analyze cell invasion. Concisely,
transfected cells (2.5x10%cells/well) were serum starved
for 24 hours. Then, they were plated on the top of insert
of a 24-well chamber in a medium without serum.
Afterwards, the medium with 10% serum was added to
the lower wells. Next, incubation of the cells was done
for 24 hours. The cells on the upper side of filters were
then mechanically removed by scrubbing with a cotton
swab. As the last step, 4% formaldehyde was used to fix
the membrane for 30 minutes and 0.5% crystal violet was
utilized for 10 minutes. Ultimately, counting the invasive
cells were performed at x40 magnification from 10
different fields of each filter. Invasion assays were done
in triplicate.

Western blotting

pc.BR construct was used to transfect the MDA-
MB231 cells. After 48 hours, the cells were lysed in
radio-immunoprecipitation assay (RIPA) buffer (50
mM Tris-HC1 pH=7.4, 150 mM NaCl, 1 mM EDTA,
0.1% SDS, 1% sodium deoxycholate and 1% NP-40).
The buffer was enriched with cocktail of protease
inhibitors (PMSF). Then, a cell scraper was used to
scrape the cells. Afterwards, the cells were transferred
into the ice cold tube for a brief sonication. Total
protein was obtained by centrifuging the extract
at 14,000 g at 4°Cfor 10 minutes. MILLIPORE
ultrafiltration column was used to obtain higher
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concentrations of the protein. It should be noted that
Bicinchoninic acid assay (Thermo Fisher Scientific,
USA) was used to measure concentration of the protein.
The protein sample (40 pg) was isolated on a 12.5% SDS-
polyacrylamide gel and transferred electro-phoretically
onto Nitrocellulose Transfer membranes (PROTRAN,
Schleicher & SchuellBioScience, Germany). Then, 3%
skimmed milk in Tris-buffered saline/0.05% Tween-20
was used to block the membrane for one hour. Next, rabbit
horseradish peroxidase-conjugated anti-BRMS1antibody
(isotype: Ig G, Abcam, UK) was used to blot it for one
hour. Ultimately, the augmented chemiluminescence
detection kit (Thermo Fisher Scientific, USA) was
employed to visualize the protein bands. Western blotting
was repeated in triplicate.

Statistical analysis

In order to statistical analyses of the present data, the two-
tailed student’s t test was utilized. An asterisk means significant
that shows P<0.05. Prism 6 statistical software (GraphPad
Software, Inc.) was used for all graphs and statistical analyses.
The results are expressed as mean + standard deviation. Each
experiment was repeated three times.

Ethical considerations

The study does not contain any experimental animals or
human participants. It should be noted that each procedure
has been implemented based on the Ethical guidelines of
Faculty of Medical Sciences, Tarbiat Modares University,
Tehran, Iran (code: 52112234).

Results

Differential ZEB factors and miR-200 family
expression profiles between metastatic and normal
breast cells

Since ZEB 3'UTRs have the miR-200 family-response
elements, their expression profiles were investigated in
MDA-MB231 and MCF-7 cells by qRT-PCR assays. The
outputs of qRT-PCR assays showed that level of ZEBI
expression was 7.2 fold higher than ZEB?2 in the metastatic
cells compared to the non-metastatic cells (Fig.1A, B).
Since the 3'UTR of the ZEB gene with higher expression
level, is a better choice (due to the less inhibition by miR-
200 family), 3’UTR of ZEBI gene was selected. Then,
expression profiles of miR-200a, miR-200b, miR-200c,
miR-141 and miR-429 were investigated by qRT-PCR in
the MDA-MB231 and MCF-7 cells relative to the non-
tumorigenic MCF-10A. It was demonstrated that the
levels of four out of five miRNAs (miR-200b, 200c, miR-
141 and miR-429) were significantly reduced in the tested
metastatic MDA-MB231 cells compared to the cancerous
but non-metastatic MCF-7 cells. This was consistent
to the previously published data (Fig.1C, D, P<0.05)
(18). The reduced expression levels of four microRNAs
possibly ensure that using their MREs result in expressing
the intended exogenous genes in metastatic breast cancer
cells instead of non-metastatic and normal cells.
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Fig.1: Differential ZEB factors and miR-200 family expression profiles
between metastatic and normal breast cells. A. ZEB1 and ZEB2 mRNA
detections using gRT-PCR method in untreated MDA-MB231 and MCF-7.
B. ZEB1 and ZEB2 expression levels in MDA-MB231 (cancerous, metastatic
cell line) and MCF-7 (cancerous, non-metastatic control cell line) relative
to MCF-10A (normal cell line). C. gRT-PCR of miR-200 family in MDA-
MB231 and MCF-7 cells. D. The level of miR-200 family expression in
MDA-MB231 and MCF-7 relative to MCF-10A. Data represent means +
SD of three separate tests. *; P value for each condition was significant
in comparison with the normal cells. qRT-PCR; Quantitative reverse
transcription polymerase chain reaction.

Application of miR-200b, miR-200c, miR-141 and miR-
429 MRE:s confined exogenous gene expression within
the metastatic cancer cells

For assessing whether MREs could be used for the
specific expression of exogenous gene (BRMSI) in
metastatic breast cancer cells, a reporter plasmid including
luciferase regulated by their MREs was successfully
constructed (Fig.2A). Results demonstrated that luciferase
activity was not significantly changed in the pmiR-report.
ZEBI transfected MDA-MB231 cells. However, its
activity was markedly repressed in the MCF-7 cell line
(Fig.2B). To confirm control of miR-200b, miR-200c,
miR-141 and miR-429 on the exogenous gene expression
under their respective MREs, assaying the luciferase
was done in the pmiR-report. ZEBI-transfected cells
after changing level of the above miRNAs. Expressions
of endogenous miR-200b, miR-200c, miR-141 and miR-
429 were inhibited by 30-50% in MCF-7 through mixing
the above four microRNA inhibitors. Thus, expression
of luciferase was considerably up-regulated in pmiR-
report. ZEBI-transfected cells (Fig.2C, D). Consistently,
luciferase expression was almost 50% declined in pmiR-
report. ZEBI-transfected MDA-MB231 cells, where
by miR-200b, miR-200c, miR-141 and miR-429 levels
were increased by treating with the mixture of four
microRNA mimics (Fig.2E, F). These outputs showed
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that MCF-7 cells had higher endogenous expression of
miR-200 family than MDA-MB231 cells. So, using four
microRNA inhibitors could inhibit them and luciferase
activity was increased. However, in MDA-MB231

endogenous expressions of miR-200 family were very
low, using four microRNA mimics, which could bind to
the MREs. This caused reduction of luciferase expression
(Fig.2E, F, P<0.05).
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reporter plasmids. B. Evaluation of luciferase expression in MDA-MB231 and MCF-7 cells after the transfection of pmiR-REPORT B-gal control plasmid
and pmiR-report ZEB1. C. Synthetic inhibitors of miR-200b, miR-200c, miR-141 and miR-429 were mixed and transfected into non-metastatic MCF-7.
Expression levels of these miRNAs were assessed by qRT-PCR with U6, as endogenous reference and they were shown as values relative to the control
groups. D. Co-transfection of MCF-7 cells with the indicated constructs and mixed miRNA inhibitors or controls. Twenty four hours later, luciferase
expression was evaluated. Relative luciferase activity in the cells transfected with pmiR-report ZEB and control inhibitors was considered as standard.
E. Synthetic mimics of miR-200b, miR-200c, miR-141 and miR-429 were mixed and transfected into MDA-MB231. Expression levels of these miRNAs
were assessed by qRT-PCR with U6, as the endogenous reference and they were shown as values relative to the control groups. F. Co-transfection of
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separate tests. *; P<0.05 and gRT-PCR; Quantitative reverse transcription polymerase chain reaction.
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MREs of miR-200b, miR-200c, miR-141 and miR-429
ensured expression of BRMS1 specifically in MDA-
MB231 cells

MREs  were subsequently inserted into
BRMSIexpressing pc vector to regulate expression
of the aforementioned metastasis suppressor gene. A
chimeric plasmid was constructed by inserting 592 bp
of ZEBI 3'UTR containing MREs of miR-200b, miR-
200c, miR-141 and miR-429, immediately following
the BRMSI open reading frame coding region
(Fig.3A). Expression level of BRMSI was assessed in
MCEF-7 and MDA-MB231 before and after treatment
by pc.BR semi-quantitative RT-PCR and qRT-PCR
assays. Findings revealed that expression level of
BRMS1 in untreated MCF-7 cells was 10 fold more
than MDA-MB231 cells. The results also confirmed
increase of in BRMSI expression level (more than 3
fold) after transfection by pc.BR construct (Fig.3B,
C). qRT-PCR assay showed that chimeric construct
of the pc.BR.Z had almost the same levels of BRMSI
gene expression as pc.BR in MDA-MB231, where as it
was considerably inhibited (more than 2 fold decrease
of BRMS]I expression) in pc.BR.Z transfected MCF-
7 cells (Fig.3D). These results were compatible to
ourexpectation, since MDA-MB231 cells did not have
miR-200 family. So, when they were treated with
pc.BR.Z, there was almost no miR-200 family for
binding to ZEBI 3"UTR and it could inhibit BRMSI
expression. However, due to themiR-200 family
expression, expression of BRMSI was inhibited in
MCF-7 (Fig.3D, P<0.05).

Pc.BR.Z mediated BRMS1 expression depends on the
abundance of miRNA-200b, miR-200c, miR-141 and
miR-429

To test if the BRMSI expression by pc.BR.Z was
depend on the levels of miR-200b, miR-200c, miR-
141 and miR-429, synthetic miRNA inhibitors and
mimics were added to the MDA-MB231 and MCF-
7 cells. Then, BRMSI expression was evaluated in
these cells using qRT-PCR assays. In MCF-7, which
has higher levels of four microRNAs expression,
BRMS1 expression was significantly inhibited, after
transfecting the cells with pc.BR.Z. Nonetheless,
treating the pc.BR.Z transfected MCF-7 cells with
microRNA inhibitors resulted in partially restoring
BRMS1 expressions (almost more than 2 fold increase
in BRMSI expression). This increase is owing to the
reason that microRNA inhibitors could bind to miR-
200 family and prevent them from attaching to their
MREs, so BRMSI expression could be performed
(Fig.3E). Consistently; transfecting MDA-MB231
cells with microRNA mimics remarkably decreased
expression of BRMS] (almost 2 fold) in these cells,
where by the endogenous levels of miR-200b, miR-
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200c, miR-141 and miR-429 were low. But, microRNA
mimic could bind to MREs and inhibit expression
of BRMSI. Collectively, pc.BR.Z mediated BRMSI
expression by the abundance of miR-200b, miR-200c,
miR-141 and miR-429 (Fig.3F, P<0.05).

pc.BR.Z reduced migration and invasion of the
metastatic breast cancers cells without affecting
normal cells

To examine whether pc.BR.Z could decrease
migration and invasion of metastatic breast cancer
cells, we performed in vitro analysis specifically
expressing BRMSI metastasis suppressor gene in the
context of a chimeric pc.BR.Z vector in the MCF-7 and
MDA-MB231 cells. qRT-PCR analysis demonstrated
that BRMSI was increased (3.5 fold) in the metastatic
cells transfected with pc.BR.Z, compared to the non-
metastatic cells (Fig.3D). Then, assaying trans well
migration and invasion were done on the untreated
cells (Fig.4). The results indicated that migration rate
in MDA-MB231 was 2.6 fold more than MCF-7cells
(Fig.4A) and the invasion rate was 6.7 fold more
than MCF-7 in the non-transfected cells (Fig.4B, C).
Subsequently, we tested whether BRMSI had effects
on the migration and invasion of MDA-MB231 cells,
transfected with pc, pc.Z, pc.BR, pc.BR.Z or non-
transfected cells. Pc.BR decreased the rate of MDA-
MB231 cells migration and invasion of by 68 and
62.3%, respectively. pc.BR.Z also reduced these rates
by 65 and 55%, respectively compared to pc and pc.Z
transfected cells (Fig.5A-C). Levels of migration
and invasion were decreased in the treated cells
with pc.BR.Z. This may be due to the little leakage
of miR-429 expression. We also checked migration
and invasion rates in MDA-MB231 cells transfected
with pc.BR, pc.BR.Z, mixed mimics and inhibitors.
It was demonstrated that there is almost more than
10% difference in migration and invasion of pc.BR.Z
and pc.BR.Z+mimics, because miR-mimic could
bind to MREs and inhibit the expression of BRMSI.
This caused an increase in migration and invasion of
the treated cells. Since the migration and invasion
rates of untreated MCF-7 cells were negligible, their
transfection with the constructs seemed to be futile
(Fig.5D, E, P<0.05).

Protein expression level

BRMSI protein level, encoded by pc.BR construct,
was evaluated using western blot method after
transfection. Figure 6 shows the western blot result
for the total protein sample extracted from pc.BR
transfected cell. These results indicated successful
expression of the BRMSI1 at the protein level (Fig.6,
P<0.05).
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and contain FBS. One out of 10 field as a sample (M-F+ indicates the level
of migration and M+F+ indicates the level of invasion).
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Fig.5: Migration and invasion assays after transfections. A. Migration
percent after transfection of MDA-MB231 cells by four constructs. B.
Invasion percent after transfection of MDA-MB231 cells by four constructs.
C. Matrigel invasion assays in MDA-MB231 cells after transfection by four
constructs. M+F+; Containing matrigel and FBS, M-F+; Without matrigel
and containing FBS. One out of 10 field as a sample. D. Migration percent
in MDA-MB231 cells transfected with pc.BR, pc.BR+ miR inhibitor, pc.BR+
miR mimic, pc.BR.Z, pc.BR.Z+ miR inhibitors and pc.BR.Z+ miR mimic. E.
Invasion percent in MDA-MB231 cells transfected with pc.BR, pc.BR+ miR
inhibitor, pc.BR+ miR mimic, pc.BR.Z, pc.BR.Z+ miR inhibitors and pc.BR.Z+
miR mimic. Data represent means * SD of three separate tests. *; P<0.05.

Fig.6: Chemiluminescent western blotting for protein expression levels. A.
is the MDA-MB231 cell lysis without any BRMS1 antibody (horseradish
peroxidase-conjugated antibody (Abcam Company) treatment as a negative
control group. B. Is the MDA-MB231 cell lysis with the BRMS! antibody
treatment. and C. Is the MDA-MB231 cell lysis which was transfected by
pc.BR construct, with the BRMS1 antibody treatment.

Discussion

Contemporary, MRE regulated approaches have
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garnered a lot of attention as an alternative gene therapy
strategy for specific targeting of the malignant cells.
MREs are more advantageous over the conventional
gene therapy approaches (like transcriptional targeting
approach or using cancer-specific promoters), offering
higher efficacy and specificity for the certain cell
types. Specific anti-metastatic microRNAs have been
exhibited to be down-regulated in metastatic breast
cancer cells (19, 20). Therefore, MREs corresponding
to the aforementioned microRNAs might be applied
to drive specific expression of well-established anti-
metastatic genes in cancer cells and ultimately inhibit
their invasiveness. Given these circumstances, we
have devised a MRE regulated gene therapy strategy
to inhibit invasiveness behavior of metastatic breast
cell lines by specific expression of BRMSI gene. It
has been demonstrated that a MREs-regulated vector
containing BRMSI gene could be a compelling tool
attaining this purpose.

BRMS1 is among the promising anti-metastatic breast
cancer genes which selectively suppresses metastasis
without suppression of any cancer cell tumorigenicity.
Pleiotropically acting BRMSI prevents multiple steps
of the metastatic cascade. Diversity of BRMS/ actions,
employing a variety of mechanisms, contribute to its
robust inhibition of metastasis. The recent reports have
shown that BRMSI remarkably suppressed migration
and invasion of cells in many types of cancer. Analysis
of tissue micro-array of the patients revealed that
BRMS1 was considerably down-regulated in glioma
cells in comparison with the normal astrocytes.
Additionally BRMSI over-expression could inhibit
migration and invasion of glioma cells via suppressing
MMP-2 , NF-kB and uPA (21). In the other work,
it was demonstrated that up-regulation of BRMSI
decreased SDF-induced migration by reducing NF-
kB dependent CXCR4 expression in NSCLC cell
line (22). Rectal cancer xenograft invasiveness could
also be reduced by over-expression of BRMS-1 (23).
Besides, investigations on breast cancer showed that
there is a reverse association between BRMSI over-
expression and disease progression. Down-regulation
of fascin, which is an actin-bundling protein, by
BRMS 1 has been shown in another study. This exerted
an inhibitory effect on metastasis of ovarian cancer
cells (24, 25). All of the previously found data were in
accordance with the present work in terms of reducing
level of migration and invasion by up-regulating
BRMS-1.

It confers activity of BRMS1 viaregulating numerous
metastasis-associated genes and microRNAs chiefly
due to the altered SIN3: histone deacetylase chromatin
remodeling complexes (26). Since BRMSI expression
could induce various alterations at the molecular
(transcriptome and proteome) levels and it is capable of
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inducing different phenotypic alterations like changing
cyto-architecture (cell topography and ultrastructure),
up-regulation of that may have undesirable effects
(up-regulation associated cytotoxicity) on some cell
types, like mesenchymal cells or endothelial cells.
Considering such extensive alterations, specific
expression of BRMSI in metastatic cells is required
(27). We found that re-expression of BRMSI in the
context of an expeditiously designed gene delivery
vehicle may decline the ability of migration and
invasion of metastatic adeno-carcinoma cells. This
effect could, in turn, be due to the BRMS! function as
a cellular invasion and migration inhibitory molecule.
Stably BRMS-transfected MDA-MB231 cell line had
previously been shown to form significantly fewer
metastases in all tested organs. Upon direct injection
into the vasculature, fewer BRMSI-expressing cells
attained to lungs or bone compared to the non-
expressing BRMSI MDA-MB231 cells (17, 28). qRT-
PCR analysis revealed that transfected MDA-MB231
expressed higher level of BRMSI compared to untreated
MDA-MB231 cells. As a result, these metastatic cells
have much less migratory and invasive behavior in
comparison with parental cells. In concordance with
the previous studies, our results revealed that BRMS1
could significantly prevent in vitro migration and
invasion of the human breast carcinoma cell lines
(29). These unique properties of BRMSI gene have
convinced us to employ it as an exogenous gene to
prevent the invasive behavior of metastatic breast
cancer cell lines. Although BRMSI gene could exert
its anti-metastatic effects within the target cells,
designing a gene delivery construct capable of cell-
specific expression of this gene remains obscure.

Expression levels of miR-200 family were evaluated
in the non-metastatic and metastatic breast cancer
cell lines, to unveil their expression variation in the
context of the cells with metastatic behavior. Similar
to the research accomplished by Burk et al. (30), we
demonstrated remarkable decrease of expressing
miR-200 family members in metastatic cancer cells
compared to non-metastatic cells (31), while expression
of ZEBI and ZEB2 genes were increased. miR-200
family members are among the critical regulators of
EMT signified by decreased expressions in metastatic
cells. They target gene expression of the transcriptional
repressor of E-cadherin (ZEB factors) and prevent
their expressions. Since ZEBI and ZEB2 possess miR-
200 family binding sites, the latter recognizes their
binding sites in 3'UTR of ZEBI and ZEB2 mRNA and
in turn degrades mRNA molecules or prevents their
translations. Our results confirmed that low levels of
miR-200 family expression lead to high levels of ZEB
expression. These observations could be construed
as the presence of a feedback loop between ZEB and
miR-200 family members (32). However, it should
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be underscored that expression level of miR-200a is
higher than the other microRNA family members in
the metastatic cell line. In agreement with the previous
reports, we indicated that expression of ZEB2 in
MDA-MB231 is less increased compared to ZEBI. It
could be rooted in the fact that ZEB?2 is the functional
downstream target of miR-200a and higher expression
of miR-200a caused lower expression of ZEB2 gene
(33, 34). The observed differential expression profiles
of miR-200b, miR-200c, miR-141 and miR-429 brings
about the possibility of using their MREs to restrict the
expression of exogenous genes (like BRMSI) within
the metastatic breast cancer cells and its expression
in healthy tissue-derived cells. Therefore, including
the MREs of these microRNAs at 3"UTR of an anti-
metastatic gene would lead to cell-specific expression
of the target gene within the metastatic breast cancer
cell lines.

To confer cell type-specific expression of BRMSI
gene under regulation of miR-200 family MREs,
designing a novel gene delivery construct seems to
be vitally important. The saturation effect, spatial
hindrance and in appropriate distance between MREs
are among the challenges ahead of building efficient
MRE regulated gene therapy constructs. In order to
circumvent these snags, we used a portion of ZEBI
3’UTR which did not harbor any MRE for miR-200a.
The performed luciferase assays revealed that MREs
of miR-200b, miR-200c, miR-141 and miR-429 are
capable to suppress expression of accompanying
exogenous genes in non-metastatic breast cells
without significantly compromising their expressions
in the metastatic breast cancer cells. These outcomes
verify the efficiency of selected ZEBI 3"UTR region
to designa MRE regulated expression construct.

This fact suggests that these MREs could be amenable
regulators for therapeutic targeting of metastatic
breast cells to express BRMSI. Our results confirmed
the results of other research groups who investigated
the MRE-based strategy of gene therapy for several
types of malignancies including osteosarcoma (35),
bladder cancer (36), uveal melanoma (37), lung (38)
and prostate cancers (39). Their results suggested
the possibility and effectiveness of using MREs that
were down-regulated in cancer cells. It should also be
pointed out that we used CMV promoter to construct
the gene delivery plasmid. Potency of the cancer-
specific promoters (which is used in transcriptional
targeting) for driving expression of the exogenous
gene is much lower than the CMV promoter. This
would lead to the ineffective therapeutic influences of
these vectors. Thus, using CMV promoter (potent viral
promoter) along with MREs (using post-transcriptional
regulation strategy for selective expression) in 3’'UTR
of the therapeutic gene could simultaneously confer
potency and selectivity (38).
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Conclusion

It could be proposed that an efficiently designed gene
delivery plasmid containing both MREs and BRMS!
gene could be a hopeful option for gene therapy against
metastatic breast cancer and worthy to perform further
clinical trials for metastatic cancer therapy. Such construct
could provide us with the cell-specific expression of
desired exogenous genes, which in turn could minimize
the accompanying side-effects of the intended gene
therapy.
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Abstract
Objective: Circular RNA (circRNA) is of significant interest in genetic research. The aim of this study was to assess
global trends in circRNA research production in order to shed new light on future research frontiers.

Materials and Methods: In this retrospective study, we conducted a literature search using the Web of Science Core
Collection (WoSCC) database on March 21, 2019 to retrieve publications from 2007 to 2018. Excel 2013, CiteSpace
V, and VOSviewer were used to evaluate bibliometric features that included publication output, countries/regions,
institutions, journals, citation frequency, H-index, and research hotspots.

Results: Global cumulative publication output on circRNA consisted of 998 papers with a total citation of 28 595 during
2007-2018. China, the US, and Germany were the most prolific countries. China ranked first in H-index (60 times) and
citations (13333 times). The most productive institution was Nanjing Medical University with 73 papers. Biochemical
and Biophysical Research Communications (impact factor [IF]2017:2.559) ranked first among journals in the number
of publications (64 papers). The keywords shifted from "sequence", "intron", and "splice-site" to "transcriptome”,

"microRNA sponge", "exon circularization", and "circRNA biogenesis" overtime. The burst keywords "transcriptome”,
"microRNA sponge", "exon circularization", and "circRNA biogenesis" were the latest frontiers by 2018.

Conclusion: This is a relatively novel bibliometric analysis to inspect research related to circRNA. The results show
that publications have continuously increased in the past decade. China, the US, and Germany were the leading
countries/regions in terms of quantity. Recent studies on topics related to circRNA biogenesis and function should be

closely followed in this field.
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Introduction

The concept of "circular RNA (circRNA)" was proposed
by Sanger et al. (1) when they reported that viroids are
pathogenic to certain higher plants with single-stranded
covalently closed circRNA molecules. circRNAs mostly
stem from either exons (2, 3) or introns (4, 5). The covalently
closed loop is characterized by neither 5'-3" polarity nor
a polyadenylated tail (6), and this distinguishes circRNAs
from linear RNAs. Meanwhile, circRNAs are more stable,
even when treated with RNase R (7). Researchers initially
believed that circRNAs were by-products in the aberrant
splicing process, and had little role in biological processes
(2). With the rapid advances of high-throughput RNA
sequencing (RNA-seq) and bioinformatics, numerous
endogenous, diverse, widespread and conserved circRNAs
have been identified (8-10). Therefore, these molecules
caused a resurgence in interest by researchers. Of particular
note, some studies have shown that circRNAs could act
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as microRNA (miRNA) sponges and regulate line RNA
transcription and protein production to modulate gene
expression (11-13).

Recent evidences indicated that circRNA plays a role in
aging (9, 14) and tissue development (15). circRNAs might
be involved in neurological disorders (16), atherosclerotic
vascular disease risk (17), Alzheimer’s disease (18), and
cancer (19). Thus, they might be potentially valuable in
disease diagnosis, prognosis, and precise therapy (20,
21). Simultaneously, database setups for circRNA in
the last few years include circBase, CIRCpediav2, and
CircInteractome (TableS1, See Supplementary Online
Information at www.celljournal.org). These databases
make it more convenient for researchers to access and
study circRNA, and facilitates progress in this field.

Although researches related to circRNA have flourished



in recent years, there have been limited attempts to
systematically explore the development of scientific
productivity in this area. To our knowledge, there are a
few reports on research activity in circRNA that have been
published internationally. The focus of bibliometrics is on
literature systems and literature metrology characteristics;
they statistically and mathematically analyse written
publications such as books and periodicals (22). This is a
reliable method to analyse literature in the field of science
and characterize the tendency of research activity over
time. Bibliometrics has contributed to research trends
in cardiovascular diseases (23), gastrointestinal diseases
(24), and diabetes (25).

The aims of present study were to systematically
evaluate the international publication productivity of
circRNA research using the Web of Science (WoS) from
2007 to 2018; analyse the most productive countries/
institutions/journals; and measure geographic and time
distribution of literature that pertained to circRNA.

Materials and Methods
Patient and public involvement

In this retrospective study, no patient or public
involvement was available.

Sources of data and the search strategy

We searched literature in the online version of Science
Citation Index-Expanded (SCIE), Web of Science Core
Collection (WoSCC), and Essential Science Indicator
(ESI) databases on March 21, 2019. We downloaded the
data from a public database as secondary data, which did
not involve ethical considerations. Thus, ethical approval
was not applicable in this situation.

Weusedthe followingsearchstrategy: (TI=("circRNA*")
OR TI=("circular RNA*") OR TI=("circRNA_*") OR
TI=("circular noncoding RNA*") OR TI=("circular
non coding RNA*") OR TI=("circular untranslated
RNA*") OR TI=("circular non translated RNA*")
OR TI=("circular non protein coding RNA*") OR
TI=("circular ncRNA*")) AND publishing year=(2007-
2018) AND Language=(English). Refining for certain
document types: the document types were selected as
"article" or "review", and we only considered peer-
reviewed documents. We chose 2007 as the start check
point because it articles in this field began to emerge
continuously in 2007.

Data collection

WoSCC was used to analyse the characteristics of the
publications, such as annual publications, countries/
regions, institutions, journal sources, citation frequency,
impact factor (IF), weighted IF (IF?), H-index, etc.
The H-index, citation frequency, IF, and IF? were
used to qualitatively measure the scientific research
performance. IFs were obtained based on the Journal
Citation Reports (JCR) 2017 and IF? was calculated
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according to Rasim et al. (26).

The H-index, created by Hirsch (27) in 2005, can more
perfectly reveal a country’s or individual’s achievement.
This index takes both the quantity of published papers
and the citation frequency into account, which means that
H papers published by a researcher/institution/country
received at least H citations. A higher H-index shows the
larger influential power.

All data were gathered and verified by two authors
independently (Ran Wu and Fei Guo). The data in
"txt" form were downloaded from WoS and imported
into Microsoft Excel 2013, CiteSpace V (64 bits), and
VOSviewer (Versionl.6.6, Leiden University, Leiden,
The Netherlands).

Statistical analysis

A fitting mathematical model that used Microsoft Excel
2013 was employed to analyse the temporal tendency of
the publications. The model: f(x)=ax*+bx3+cx*+dx+e was
applied to model the cumulative number of publications
and present a prediction of the future tendency of circRNA
outputs. The symbol x represented the year, and f(x)
represented the annual number of publications by year.

The world map of publication distribution was
generated by GunnMap 2 (http://www.lert.co.nz/map/).
GraphPad Prism version 6.01 (San Diego, CA, USA)
was employed to analyse Pearson’s correlation between
publication number and gross domestic product (GDP)
or the population number. P<0.05 were considered to
be statistically significant. VOSviewer was used for the
bibliometric analysis and visualization of the literature
(28). In this study, it was used to analyse the collaboration
between countries/regions and institutions. Network
visualization of journals’ citation analysis was also derived
through VOSviewer. CiteSpace V was used to construct a
knowledge map of journals and keywords, and to obtain
burst keywords that had the strongest citation.

Results

Distribution of countries/regions according to circular
RNA

Atotal 0of 998 studies fulfilled the search criteria (Fig.1A,
Fig.S1, See Supplementary Online Information at www.
celljournal.org), of which the majority were articles
(868, 87.0%), followed by reviews (130, 13%). Figure
1B shows the geographical distribution of publications
by individual countries/regions. There were a total of 46
countries/regions. Table 1 lists the top 10 most productive
countries/regions; China, with 729 publications ranked
first, followed by the US (181), Germany (45), Denmark
(23), and Canada (21). After adjustments for GDP and
population, we noted that Demark had the most publications
per GDP (0.071) and the most publications per million
people (3.986). There was an excellent correlation between
publication numbers and population (r=0.996, P<0.0001)
(Fig.S2A, See Supplementary Online Information at
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www.celljournal.org). No correlation was found between  to circRNA (Table S2, See Supplementary Online
publication numbers and GDP (r=0.606, P=0.063) (Fig. Information at www.celljournal.org). The most productive

S2B, See Supplementary Online Information at www. institution was Nanjing Medical University, which
celljourna!.org). The VOSVIGWGY resqlt shovyed extensive  published a total of 73 papers. The Chinese Academy of
collaborations between countries/regions (Fig.1C). Sciences and Fudan University tied for second with 41

o . ] papers. Publications from the top 10 institutions accounted
DIStnb“tmI,l of institutions that published research for 34.47% of all literature on circRNA. Figure 1D shows
related to circular RNA the collaborations between institutions with at least five

A total of 919 institutions published researches related  publications.

Table 1: Top 10 most prolific countries in the field of circRNA research

Rank Country Number Number per GDP* USD (billion) Number per million population
1 China 729 0.060 0.526
2 USA 181 0.009 0.556
3 Germany 45 0.012 0.544
4 Denmark 23 0.071 3.986
5 Canada 21 0.013 0.572
6 Australia 20 0.015 0.813
7 England 14 0.005 0.212
8 Japan 14 0.003 0.110
9 Italy 13 0.007 0.215
10 France 12 0.005 0.179

*circRNA; Circular RNA and GDP; Gross domestic product.
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Fig.1: Publication distribution and collaboration analysis. A. Flowchart of included circular RNA (circRNA) research, B. Geographical distribution of

publications related to circRNA research, C. Collaboration networks of countries/regions with at least one publication of circRNA research, and D.
Collaboration networks of institutions with at least five publications of circRNA research.
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Publication outputs and growth prediction

The annual publication numbers and accumulated
publications are presented in Figure 2A. The annual
publications were stably low from 2007 to 2013, and
remarkable growth was observed since 2014. In total, the
publications related to circRNA consistently increased
during the last decade.

As shown in Figure 2B, there was a significant
correlation between the publication year and annual
number of circRNA publications (R>=0.997). Worldwide,
this was estimated to reach 955 publications in 2019.

Distribution of published journals and funding
agencies that focused on circular RNA

The 998 publications on circRNA research appeared
in 331 journals (Table S3, See Supplementary Online
Information at www.celljournal.org). Table 2 shows the
top 20 prolific journals. The Biochemical and Biophysical
Research Communications journal (IF 2017: 2.559, IF?
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2017: 7.321) published the most literature related to
circRNA research (64 articles, 6.413%), followed by
Cellular Physiology and Biochemistry (IF 2017: NA, IF?
2017: 14.373, 37 articles, 3.707%), Oncotarget (IF 2017:
NA, TF?2017: 5.503, 36 articles, 3.607%), and Scientific
Reports (IF 2017: 4.122, 1F*> 2017: 3.706, 35 articles,
3.507%). There was one review in Nature Review
Genetics (IF 2017: 41.465), which had the highest IF
among the 331 journals. Among the top 20 prolific
journals, Molecular Cancer had the highest IF? (93.945).

Figure 2C presents the dual-map overlay for the
journals. The citing journal map is shown on the left
and the cited journal map is displayed on the right. The
disciplines covered by journals are marked in the label.
Citation links that start from the journals on the left and
end with those on the right are presented with lines. The
map shows one main citation path, which indicates that
most publications appeared in molecular, biology, and
immunology journals. These publications were mostly
cited from the molecular, biology, and genetics fields.

Table 2: Top 20 journals with most publications related to circRNA research

Rank Journal Count Percent IF 2017 1F*2017
1 Biochemical and Biophysical Research Communications 64 6.413 2.559 7.321
2 Cellular Physiology and Biochemistry 37 3.707 5.5 14.373
3 Oncotarget 36 3.607 NA* 5.503
4 Scientific Reports 35 3.507 4.122 3.706
5 Advances in Experimental Medicine and Biology 28 2.806 1.76 6.024
6 Circular RNAs Biogenesis and Functions 27 2.705 NA® NA"
7 RNA Biology 23 2.305 5.216 55.590
8 PLOS One 20 2.004 2.766 1.655
9 Nucleic Acids Research 16 1.603 11.561 62.190
10 Biomedicine Pharmacotherapy 15 1.503 3.457 13.020
11 Molecular Cancer 14 1.403 7.776 93.945
12 Cancer Letters 13 1.303 6.491 32.335
13 Gene 13 1.303 2.498 13.970
14 International Journal of Clinical and Experimental 12 1.202 1.396 4.509
Pathology
15 BMC Genomics 11 1.102 3.73 17.757
16 Epigenomics 11 1.102 4.979 22.944
17 European Review for Medical and Pharmacological 11 1.102 2.387 4.569
Sciences
18 Oncology Letters 11 1.102 1.664 5.372
19 Aging US 10 1.002 5.179 36.308
20 Molecular Therapy Nucleic Acids 10 1.002 5.66 42.156

*circRNA; Circular RNA, NA; Not available, IF; Impact factor, and IF%; Weighted impact factor.
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Totally, 998 publications on circRNA research were
funded by 1241 funding agencies (Table S4, See
Supplementary Online Information at www.celljournal.
org). The National Natural Science Foundation of China
supported 455 publications, which accounted for nearly
half of all the literature in this case (45.5%). The top 10
funding agencies that supported circRNA research are
presented in Figure 2D.

Citation and H-index analysis

Based on our analysis, the citation frequency
number of all articles associated with circRNA was
28 595 by 2018. In terms of citations, China ranked
first with 13 333 citations, followed by the US with
8460, Germany with 4798, Israel with 1615, and
Denmark with 1344. The citation frequency per
paper was 28.65 times, and Argentina had the highest
frequency per paper (385), followed by Israel (179.44)
and Germany (106.62) (Table S5, See Supplementary
Online Information at www.celljournal.org). Figure
3A shows the citations and H-index results of the
top five productive countries/regions. China, with an
H-index value of 60, ranked first.

Citations analysis was conducted within all 331
journals. Our results demonstrated that Molecular Cell
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had the highest citation frequency (1908), followed by
Nature (1519), and Scientific Reports (1464) (Fig.3B).

Hotspots of studies on circular RNA

The total citations of the top 10 most cited publications
varied from 386 to 1519 (Table 3). The IF numbers of the
listed papers ranged from 2.766 to 41.577. The article that
achieved the most citations (1519 times) was published
by Memczak et al. (8).

Keywords used in the 998 papers were analysed
with CiteSpace V. Totally, we extracted 202 keywords
with 648 links, which were defined as the top 50
of the most frequent items from each year with
the title, abstract, and keywords field under the
condition of the CiteSpace V default setting (Fig.
S3, See Supplementary Online Information at www.
celljournal.org). The top 20 keywords with strongest
citation bursts are shown in Figure 3C. According
to the timeline, keywords shifted from "sequence",
"intron", and "splice-site" to "transcriptome",
"microRNA sponge", "exon circularization", and
"circRNA biogenesis. The strongest ones included
"exon circularization", "microRNA sponge", "mouse
testi", "transcript”, and "circRNA biogenesis".
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Fig.2: Publication output and growth prediction. A. Annual and accumulated publications of circular RNA (circRNA) research from 2007 to 2018, B. The model
fitting curve of circRNA publication growth, C. Dual-map overlay of journals. There was one main citation path coloured with orange. Publications about circRNA
research in molecular, biology, and immunology journals mainly cited journals in the molecular, biology, and genetics areas, and D. The top 10 funding agencies

that supported circRNA research.
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Fig.3: Quality analysis of countries/regions and journals. A. The distribution of citation (x0.01), cited frequency per paper, and H-index in the top five
countries/regions, B. Network visualization of journal citation analysis. The larger spot indicates a higher citation frequency, and C. Top 20 keywords with
the strongest citation bursts on circular RNA (circRNA) research published during 2007 and 2018.

Table 3: Top 10 studies with the most citation frequencies related to circular RNA research

Title Journal First author Year Cited by
Circular RNAs are a Large Class of Animal RNAs with Nature Memczak, Sebastian 2013 1519
Regulatory Potency (8)

Circular RNAs are Abundant, Conserved, and Associated RNA-A Publication of the Jeck, William R. 2013 817

with ALU Repeats (29) RNA Society

Circular RNAs are the Predominant Transcript Isoform from  PLOS ONE Salzman, Julia 2012 587

Hundreds of Human Genes in Diverse Cell Types (12)

circRNA Biogenesis Competes with Pre-mRNA Splicing (30) Molecular Cell Ashwal-Fluss, Reut 2014 522
Detecting and Characterizing Circular RNAs (31) Nature Biotechnology Jeck, William R. 2014 484
Exon-intron Circular RNAs Regulate Transcription in the Nature Structural& Molecular  Li, Zhaoyong 2015 465
Nucleus (32) Biology

Circular Intronic Long Noncoding RNAs (33) Molecular Cell Zhang, Yang 2013 457
Cell-Type Specific Features of Circular RNA Expression (34) PLOS Genetics Salzman, Julia 2013 430
Expanded Identification and Characterization of Mammalian ~ Genome Biology Guo, Junjie U. 2014 396
Circular RNAs (35)

Expression of Linear and Novel Circular Forms of an PLOS Genetics Burd, Christin E. 2010 386

INK4/ARF-Associated Noncoding RNA Correlates with
Atherosclerosis Risk (36)
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Discussion

Researchers previously focused on RNA with protein
coding functions derived from DNA. In-depth studies and
advanced technology make it clear that there are abundant
and widespread noncoding RNAs (ncRNAs), which
include miRNA, IncRNA, and circRNA. These RNAs
could play significant roles in the life process (11, 21, 22).
circRNA is an ncRNA, which was believed to be a by-
product and have little function (2, 3). However, recent
advances have implied that circRNA might participate
in both physiological and pathological processes (9, 14-
19). This study aimed to quantitatively and qualitatively
evaluate the bibliometric characteristics of circRNA
research, and to inspect the future research frontier.
Publications, to some extent, could be considered a
judgment of development within a certain research field.

Researches related to circRNA have rapidly developed.
To the best of our knowledge, this bibliometric analysis
is the first attempt in this field. According to the results,
the publication year can be separated into two stages. The
first stage (2007-2013) had a slow increase in publications
and was the initial phase of circRNA research. The second
stage (2014-2018) had a sharp growth trend and was the
flourishing phase of cicrRNA research. The number of
publications in last few years exceeded the accumulative
numbers in the early stage. With rapid and substantial
progress in this field, the whole world was expected to
maintain publishing papers about circRNA in a productive
way. According to the prediction curve, more literature will
be published in the circRNA research field in the future.

China, the US, and Germany were the leading countries
in quantity (total publication number). After standardizing
for GDP and population, Denmark ranked first with
0.071 publications per GDP and 3.986 publications per
million people. Although Demark ranked fourth with
23 publications, we believed that a highly developed
economy and smaller population compared to China and
the US placed Denmark first after standardization. GDP
and population are relevant to the publication output (37).
In the present study, we found no correlation between
publication numbers and GDP; however, the population
number showed a positive correlation with publication
numbers. We employed citations, cited frequency per
paper, and H-index to analyse the quality. Among the top
five prolific countries/regions, China, with an absolute
advantage in publication numbers, scored the highest in
both citations and H-index. However, Germany received
the largest number of cited frequencies per paper. In terms
of collaboration network, far-ranging cooperations were
identified worldwide. The strongest cooperation was
found between China and the US. Meanwhile, China
and the US also had extensive cooperation with other
countries/regions, respectively. Generally speaking,
international cooperation is a result of cooperation
between institutions worldwide (38). However, we found
that Chinese institutions tend to collaborate nationally.
This may partly explain the large output by China.
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Chinese institutions preceded the quantity on circRNA
research. The most productive worldwide was Nanjing
Medical University. We mentioned that national
collaborations were widespread in China. There were
over 10 links between the prolific institutions (e.g.,
Nanjing Medical University, Fudan University, and
Shanghai Jiao Tong University) and other institutions.
Cooperation facilitates the progress of circRNA research
from this perspective. Another interesting finding was
that the majority of funding agencies were from China in
this field. If one researcher in China successfully applied
for major funding, such as the National Natural Science
Foundation, and published high-quality articles, he or
she might have priority to receive more funding, which
becomes a cycle. This could also explain the productivity
in China.

In terms of the top 20 prolific journals, Biochemical
and Biophysical Research Communications, Cellular
Physiology and Biochemistry, Oncotarget, and Scientific
Reports were the main journals with over 30 publications.
The first one was quantitative (64 publications) but not
very qualitative (IF 2017: 2.559). The third one was
removed from SCIE in 2018, although there were 36
publications. There were 16 papers in Nucleic Acids
Research, of which the IF (11.561) was the highest in the
top 20 prolific journal list. IF? is a novel and more accurate
indicator that assesses journal impact, which considers
both the quantity of citations and the quality of cited
journals (26). Molecular Cancer, with 14 papers, had the
highest IF? (93.945) among the top 20 productive journals
in circRNA research. In general, future developments that
pertain to circRNA would be likely showcased within the
top 20 journals.

This study ranked the top 10 cited publications related to
circRNA research. The evaluation presented informative
insight into the development of popular opinion in the field
of circRNA. The number of citations in circRNA varied
from 386 to 1519. Undoubtedly, Memczak et al. (8) had
a fundamental influence in the circRNA literature. The
most influential article, titled "Circular RNAs are a Large
Class of Animal RNAs with Regulatory Potency", was
published in Nature in 2013 and was cited at least 1519
times. Memcazk et al. (8) provided evidence regarding
the regulatory potential of circRNA. The second most
frequently cited article by Jeck et al. (29) was published
in RNA in 2013. This study reported the involvement of
circRNA in control of gene expression.

Keywords assigned in each article or review can make
delineation of the topics involved in circRNA research.
Burst keywords, which were captured by CiteSpace V in
this study, could make a reasonable prediction of research
frontiers over time (39). The blue and red lines indicated
time intervals and periods of citation bursts, respectively.
With advanced technology, the research fields of circRNA
transferred from discovery to in-depth mechanism and
function, which was in line with the objective law of



research. Below are the top four research frontiers of
circRNA research:

i. Transcriptome: To date, circRNA that had been
derived from pre-mRNA was primarily identified through
high-throughput RNA-seq. It was not until the advanced
RNA-seq detecting non-polyadenylated transcriptomes
emerged that circRNA was found to be diverse and
widespread (8, 10, 12, 29). Thus, transcriptome analysis
was of great significance for circRNA identification and
research.

ii. miRNA sponge: miRNAs are regulatory RNAs
derived from hairpin transcripts. The results of recent
studies show that some circRNAs might regulate gene
expression at multiple levels (6). Of note, the primary
finding was that circRNA could function as a miRNA
sponge in the cytoplasm. circRNA competed with mRNA
for miRNA biding and then regulated gene expressions
(29).

iii. Exon circularization and iv. circRNA biogenesis:
The biogenesis of circRNA has been uncovered after
in-depth study. For instance, circRNAs are transcribed
by RNA polymerase II (30, 40), and this biogenesis is
regulated by the cis-regulatory elements and trans-acting
factors that control splicing (6). Exon circularization is
one of the necessary procedures of circRNA formation.

Although this is the first bibliometric study to
comprehensively and objectively estimate global trends
in circRNA research, there are some limitations. First,
the total number of publications differs among the major
databases - PubMed, Scopus, and Google Scholar. The use
of the WoSCC database could have overlooked relevant
publications from analysis. Second, the publications
included in this analysis were restricted to the English
language. Therefore, non-English papers, which are
important, were excluded from the present study. Last but
not least, all the searches were conducted over one day
(March 21, 2019) to avoid bias; however, the database
is constantly updating. Some high-quality publications
are still being cited and this information may be omitted.
Despite the aforementioned limitations, we believe that
the overall results may not have changed.

Conclusion

This study firstly provides a bibliometric analysis
on global trends of circRNA research during 2007-
2018. Researches in this field have notably increased in
recent years and will continue to emerge. Most studies
associated with circRNA arose from China, the US, and
Germany. China was the leading country with the highest
H-index and citations. International cooperation was
widely found throughout the world. The most prolific
institution, Nanjing Medical University, was from China.
Biochemical and Biophysical Research Communications
had the most circRNA publications. "Transcriptome",
"microRNA sponge", "exon circularization", and
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"circRNA biogenesis" might be the latest research
frontiers that relate to the future for circRNA research.
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Angiotensin-converting enzyme |l (ACE2) in association with type Il transmembrane serine protease (TMPRSS2) is
considered the main receptor of SARS-CoV-2. However, considering the clinical complications of COVID-19 in different
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Virus clonization and pandemics

World Health Organization declared a global public
health emergency of international concern, on 30"
January 2020 due to the ongoing pandemic of coronavirus
disease 2019 (COVID-19) (1, 2). Clinical features of this
disease are extending from an asymptomatic infection
to acute respiratory distress syndrome, and multi-organ
failure in some cases (2-5). Virus entry and replication
relies on a fine interaction between the virus and host
cells (6). Studies have shown that the main receptor for
SARS-CoV-2 binding is angiotensin-converting enzyme
IT (ACE2) (7, 8). Successful entry of the virus into host
cells depends on two consecutive steps, i. Attachment
of the virus to the ACE2 receptor and, ii. Simultaneous
activation of type II transmembrane serine protease
TMPRSS2 which cleaves and activates the virus spike
(S) protein (9-11).

ACE2 expression in different tissues and COVID-19
pathogenesis

According to the Human Protein Atlas, the ACE2
receptor is abundantly expressed in the gut, kidneys, and
testis, and at lower levels in the lungs and heart (12).
However, the lungs and heart have been documented as
important targets for SARS-CoV2 infection. Furthermore,
co-expression pattern of ACE2/TMPRSS2 through the
tissues does not explain clinical complications or their
severity in COVID-19 patients (13, 14). In addition,
SARS-CoV-2 infects organs that lack ACE2, probably

through interactions with other receptors. Endocrine cells
in the prostate gland, astrocytes and pericytes in the central
nervous system, and hepatocytes in liver are examples
of cells that do not express ACE2 (15). The expression
pattern of ACE2 in the mentioned organs are different from
higher levels in male gonads to lower levels in heart and
CNS. In the other words, SARS-CoV-2 can cause multi-
organ failure and there is no strict correlation between the
abundancy of ACE2 and clinical complications.

GRP78 as a receptor for different viruses

Glucose-regulated protein 78 (GRP78) is used by
different viruses for entry into host cells (16, 17). This
receptor (also called BiP and HSPAS) is a member of
the heat shock protein 70 (HSP-70) family and a master
chaperone protein localized on the endoplasmic reticulum
(ER) membrane (18). This protein is broadly expressed
in many tissues and composed of two structural domains:
i. Nucleotide-binding domain (NBD), or ATP-binding
domain (ABD) at the N-terminal and, ii. A substrate
binding domain (SBD) at the C-terminal (19). The f region
of SBD can play a crucial role in facilitating the interaction
between protein ligands and the target cell membrane
(20). As a response to ER stress, GRP78 overexpresses
and translocates to the cell surface. Cell surface GRP78
(CS-GRP78), along with its SBD domain, can act as a
multifunctional receptor and recognize various proteins,
ligands, and viruses (16). It was shown that cancer cells
overexpress CS-GRP78, which is specifically recognized
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by Pep42, a seven-residue cyclic peptide (21). The motif
generated by disulfide bonds in Pep42 can interact with CS-
GRP78 (20-22). The cyclic structure of Pep4?2 stabilizes
a hydrophobic motif which strenghtens its affinity to CS-
GRP78-SBDB (20). Molecular modeling and docking
analyses have revealed 13 regions which are crucial for
disulfide bond formation in the SARS-CoV-2 spike (S)
protein. The four disulfide bonds located on the outer
surface of the S protein can interact with other ligands.
The pairwise sequence alignments and hydrophobicity
index comparison between S protein regions and Pep42
revealed a remarkable similarity between the region IV
of S protein and Pep42. Considering the fact that Pep42
and GRP78 interact strongly, the structural/biochemical
similarity between S protein and Pep42 also suggest that
GRP78 can bind to the S protein (21, 23); thus, S protein
might be a potential ligand for CS-GRP78 (Fig.1) (20).
Treatment of cells with AR12, resulted in induction of
GRP78 degredation and suppression of production of
infectious virions via autophagosome formation. This
treatment reduced viral entry through GRP78 (24).

GRP78 vs. ACE2 in SARS-CoV?2 clonization

Several studies have highlighted CS-GRP78 as a
receptor for different viruses (25-27). Apart from DPP4
(CD26), which was shown to be the main receptor
for MERS-CoV infection (28), it has been shown that
CS-GRP78 facilitate viral entry into the host cells by
sustaining viral attachment (29) and plays a crucial role
in this process (30). Based on various sign and symptoms
in COVID-19 patients, many researchers have suggested

A

i. Normal cell

ii. Cancer cell ‘

that SARS-CoV-2 predominantly targets endothelial cells,
one of the largest populations of cells in the human body
(31). GRP78 is broadly expressed in all endothelial cells,
but it is upregulated in specific circumstances such as
cancer. Owing to the this upregulation, it can be assumed
that cancer patients are at higher risk for COVID-19 and
severe complications (32).

GRP78 also presents certain properties that can make
it a predominant receptor over ACE2 for SARS-CoV-2.
Many tissues express only one pairs of ACE2/TMPRSS2
complex (15). While the ACE2 requires association
of TMPRSS?2 to cleave the S protein (9-11), the ABD
domain at the N-terminus of GRP78 can simultanously
provide the energy required for the successful entry of
SARS-CoV-2 (33). Therefore, researchers assumed that
CS-GRP78 could be an alternative receptor for SARS-
CoV-2 and suggested natural and synthetic GRP78
inhibitors to block virus entry. For instance, Palmeira and
colleagues by in silico analysis identified 409 compounds
that can block the binding of the S protein to CS-GRP78
(30). In addition, Sudeep and colleagues reported optimal
interaction features of Withaferin A, curcumin and
andrographolide, natural ligands for the GRP78 receptor
to block virus clonization (34).

All toghether, SBD is necessary for binding to the S
protein and ABD provides required energy. Both domains
of GRP78 are required for the entry of viruses such as
EBOV (35), Borna Disease virus (25), MERS (28), and
COVID-19 (30). The cited papers provided details of the
function.
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Fig.1: GRP78 in different conditions. A. i. Normal cells. GRP78 is an important chaperone in endoplasmic reticulum. ii. Cancer cells. In cancerous cells,
GRP78 is translocated to the cell membrane and comprises as a receptor. The main ligand for CS-GRP78 is Pep42 that activates certain pathways at the
down-stream and initiate cancerous phenotypes. iii. Virus-infected Cells. GRP78 translocated to the cell surface. CS-GRP78 as a receptor at the cell surface
facilitates viral entry into the cell and amplification and release of new viral generations from the host cell. B. 1. The proposed mechanism of virus entry
through GRP78 receptor. 2. The required energy for virus entry provided by the ABD. CS-GRP78 can interconnect with S protein of SARS-CoV-2 by its SBDB
domain through the constituted disulfide and hydrophobic bonds. ABD; ATP binding domain, CS-GRP78; Cell surface glucose regulated protein 78, NBD;
Nucleotide binding domain, SARS-CoV-2; Severe acute respiratory syndrome coronavirus 2, and SBD; Substrate binding domain B.
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Closing remarks

Although several reports have proposed GRP78 and
other receptors as possible receptor for SARS-CoV-2
based on in silico analysis and a few experiments, there is
no comprehensive documented paper in which the related
data in this subject have been collected, discussed, and
the evidences analyzed so far. The concept of existing
an alternative receptor for virus entry can explain the
involvement of different organs with very low expression
of ACE2. This idea will be beneficial for readers to
understand that why there is no strong association between
the abundance of ACE2/TMPRSS2 co-expression
and clinical features of the disease and the severity of
complications. However, we provided additional data
in terms of the mechanism of entry and function of the
receptors. On the other hand, we reviewed other papers
that suggested other receptors for SARS-CoV-2 entry and
colonization, however our focus in this paper is on GRP78
as an alternative receptor. This protein is very common in
different cells and a minor stress can activate this pathway
and provide appropriate condition for virus entry.

In summary, the potential role of GRP78 in SARS-
CoV-2 entry to the host cells convinced us to suggest that
CS-GRP78 can be considered as an alternative receptor
for this virus. Further experiments are recommended to
confirm this idea.

Acknowledgements

Authors express their gratitude to colleagues in
Regenerative Medicine Department, Royan Institute, and
Laboratory of Hepatology and Cell Therapy, CU Leuven.
There is no financial support and conflict of interest in
this study.

Authors’ Contributions

M.S.F.; Wrote the first draft. A.M.; Revised the
manuscript critically. M.N., M.V.; Were involved in
developing concept editing the final draft. All authors
read and approved the final manuscript.

References

1. Chan JF, Yuan S, Kok KH, To KK, Chu H, Yang J, et al. A familial
cluster of pneumonia associated with the 2019 novel coronavirus
indicating person-to-person transmission: a study of a family clus-
ter. Lancet. 2020; 395(10223): 514-523.

2. ChenN, Zhou M, Dong X, Qu J, Gong F, Han Y, et al. Epidemiologi-
cal and clinical characteristics of 99 cases of 2019 novel coronavi-
rus pneumonia in Wuhan, China: a descriptive study. Lancet. 2020;
395(10223): 507-513.

3. Huang C,WangY,Li X, RenL, Zhao J, Hu Y, et al. Clinical features
of patients infected with 2019 novel coronavirus in Wuhan, China.
Lancet. 2020; 395(10223): 497-506.

4. Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, et al. Clinical Charac-
teristics of 138 hospitalized patients wth 2019 novel coronavirus-
infected pneumonia in Wuhan, China. JAMA. 2020; 323(11): 1061-
1069.

5. Xu XW, Wu XX, Jiang XG, Xu KJ, Ying LJ, Ma CL, et al. Clinical
findings in a group of patients infected with the 2019 novel corona-
virus (SARS-Cov-2) outside of Wuhan, China: retrospective case
series. BMJ. 2020; 368: m606.

6. Belouzard S, Millet JK, Licitra BN, Whittaker GR. Mechanisms of

249

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Shabhriari Felordi et al.

coronavirus cell entry mediated by the viral spike protein. Viruses.
2012; 4(6): 1011-1033.

Enjuanes L, Aimazan F, Sola |, Zuiiiga S. Biochemical aspects of
coronavirus replication and virus-host interaction. Annu Rev Micro-
biol. 2006; 60: 211-230.

Perlman S, Netland J. Coronaviruses post-SARS: update on repli-
cation and pathogenesis. Nat Rev Microbiol. 2009; 7(6): 439-450.
Glowacka |, Bertram S, Miller MA, Allen P, Soilleux E, Pfefferle
S, et al. Evidence that TMPRSS2 activates the severe acute res-
piratory syndrome coronavirus spike protein for membrane fusion
and reduces viral control by the humoral immune response. J Virol.
2011; 85(9): 4122-4134.

Matsuyama S, Nagata N, Shirato K, Kawase M, Takeda M, Taguchi
F. Efficient activation of the severe acute respiratory syndrome cor-
onavirus spike protein by the transmembrane protease TMPRSS2.
J Virol. 2010; 84(24): 12658-12664.

Shulla A, Heald-Sargent T, Subramanya G, Zhao J, Perlman S,
Gallagher T. A transmembrane serine protease is linked to the
severe acute respiratory syndrome coronavirus receptor and acti-
vates virus entry. J Virol. 2011; 85(2): 873-882.

Hikmet F, Méar L, Edvinsson A, Micke P, Uhlén M, Lindskog C. The
protein expression profile of ACE2 in human tissues. Mol Syst Biol.
2020; 16(7): €9610.

Blanco-Melo D, Nilsson-Payant BE, Liu WC, Uhl S, Hoagland D,
Mgiller R, et al. Imbalanced host response to SARS-CoV-2 drives
development of COVID-19. Cell. 2020; 181(5): 1036-45. e9.
Wyler E, Mésbauer K, Franke V, Diag A, Gottula LT, Arsie R, et al.
Bulk and single-cell gene expression profiling of SARS-CoV-2 in-
fected human cell lines identifies molecular targets for therapeutic
intervention. bioRxiv. 2020; Available from: https://www.biorxiv.org/
content/10.1101/2020.05.05.079194v1 (13 Feb 2021).

Singh M, Bansal V, Feschotte C. A single-cell RNA expression map
of human coronavirus entry factors. bioRxiv. 2020; https://www.
biorxiv.org/content/10.1101/2020.05.08.084806v2 (13 Feb 2021).
Ibrahim IM, Abdelmalek DH, Elfiky AA. GRP78: A cell’s response to
stress. Life Sci. 2019; 226: 156-163.

Shu W, Guo Z, Li L, Xiong Z, Wang Z, Yang Y, et al. Regulation of
molecular chaperone GRP78 by hepatitis B virus: control of viral
replication and cell survival. Mol Cell Biol. 2020; 40(3): e00475-
e00419.

Brocchieri L, Conway de Macario E, Macario AJ. hsp70 genes in
the human genome: Conservation and differentiation patterns pre-
dict a wide array of overlapping and specialized functions. BMC
Evol Biol. 2008; 8: 19.

Lindquist S, Craig EA. The heat-shock proteins. Annu Rev Genet.
1988; 22: 631-677.

Ibrahim IM, Abdelmalek DH, Elshahat ME, Elfiky AA. COVID-19
spike-host cell receptor GRP78 binding site prediction. J Infect.
2020; 80(5): 554-562.

Kim Y, Lillo AM, Steiniger SC, Liu Y, Ballatore C, Anichini A, et al.
Targeting heat shock proteins on cancer cells: selection, character-
ization, and cell-penetrating properties of a peptidic GRP78 ligand.
Biochemistry. 2006; 45(31): 9434-9444.

Elfiky AA, Ibrahim IM. Zika virus envelope - heat shock protein A5
(GRP78) binding site prediction. J Biomol Struct Dyn. 2020: 1-13.
Pizzo SV. Cell surface GRP78, a new paradigm in signal transduc-
tion biology. 1t ed. Academic Press; 2018; 1-7.

Rayner JO, Roberts RA, Kim J, Poklepovic A, Roberts JL, Booth
L, et al. AR12 (OSU-03012) suppresses GRP78 expression and
inhibits SARS-CoV-2 replication. Biochem Pharmacol. 2020; 182:
114227.

Honda T, Horie M, Daito T, Ikuta K, Tomonaga K. Molecular chap-
erone BiP interacts with Borna disease virus glycoprotein at the cell
surface. J Virol. 2009; 83(23): 12622-12625.

Jindadamrongwech S, Thepparit C, Smith DR. Identification of
GRP 78 (BiP) as a liver cell expressed receptor element for dengue
virus serotype 2. Arch Virol. 2004; 149(5): 915-927.

Triantafilou K, Fradelizi D, Wilson K, Triantafilou M. GRP78, a core-
ceptor for coxsackievirus A9, interacts with major histocompatibility
complex class | molecules which mediate virus internalization. J
Virol. 2002; 76(2): 633-643.

Vankadari N, Wilce JA. Emerging WuHan (COVID-19) coronavirus:
glycan shield and structure prediction of spike glycoprotein and its
interaction with human CD26. Emerg Microbes Infect. 2020; 9(1):
601-604.

Cell J, Vol 23, No 2, July 2021



Alternative Receptor for SARS-CoV-2

29.

30.

31.

32.

Chu H, Chan CM, Zhang X, Wang Y, Yuan S, Zhou J, et al. Middle
East respiratory syndrome coronavirus and bat coronavirus HKU9
both can utilize GRP78 for attachment onto host cells. J Biol Chem.
2018; 293(30): 11709-11726.

Palmeira A, Sousa E, Kdseler A, Sabirli R, Géren T, Tiirkgier |, et
al. Preliminary virtual screening studies to identify GRP78 inhibi-
tors which may interfere with SARS-CoV-2 infection. Pharmaceuti-
cals (Basel). 2020; 13(6): 132.

Santulli G, Morelli BM, Gambardella J. Is endothelial dysfunction
the concealed cornerstone of COVID-19. BMJ. 2020; 368: m1091.
Banerjee A, Begum F, Sricastava AK, Tripathi PP, Ray U. Overex-
pression of GRP78 receptor and its chemical biology in cancer and
autoimmune diseases: high risk for COVID 19?7 OSF. 2020.

Cell J, Vol 23, No 2, July 2021

250

33.

34.

35.

Moudi B, Heidari Z, Mahmoudzadeh-Sagheb H, Alavian SM,
Lankarani KB, Farrokh P, et al. Concomitant use of heat-shock pro-
tein 70, glutamine synthetase and glypican-3 is useful in diagnosis
of HBV-related hepatocellular carcinoma with higher specificity and
sensitivity. Eur J Histoch. 2018; 62(1): 2859.

Sudeep HV, Gouthamchandra K, Shyamprasad K. Molecular dock-
ing analysis of Withaferin A from Withania somnifera with the glu-
cose regulated protein 78 (GRP78) receptor and the SARS-CoV-2
main protease. Bioinformation. 2020; 16(5): 411-7.

Reid SP, Shurtleff AC, Costantino JA, Tritsch SR, Retterer C,
Spurgers KB, et al. HSPAS5 is an essential host factor for Ebola
virus infection. Antiviral Res. 2014; 109: 171-174.




	_GoBack
	_GoBack
	OLE_LINK1
	_Hlk15757638
	OLE_LINK2
	OLE_LINK1
	OLE_LINK7
	OLE_LINK19
	OLE_LINK3
	OLE_LINK16
	_Hlk61972400
	OLE_LINK11
	OLE_LINK13
	OLE_LINK17
	OLE_LINK6
	OLE_LINK4
	OLE_LINK9
	OLE_LINK8
	OLE_LINK5
	OLE_LINK1
	OLE_LINK2
	OLE_LINK4
	OLE_LINK3
	_Hlk516489415
	OLE_LINK7
	OLE_LINK8
	OLE_LINK5
	OLE_LINK6
	_Hlk516491795
	_Hlk516492023
	_Hlk516492059
	_Hlk516492092
	_Hlk516489505
	_Hlk516489558
	_Hlk516489758
	_Hlk17819681
	_Hlk516489611
	_Hlk516489666
	_Hlk516492371
	_GoBack
	_ENREF_5
	_GoBack
	_ENREF_7
	_ENREF_9
	_ENREF_11
	_ENREF_40
	_ENREF_41
	_GoBack

