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Aims and Scope: The ""Cell Journal k) 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 Ref-
erences (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 refer-
ences. 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 sub-
heading), 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
Editorials are articles should be written in relevant and new data of journals’ filed 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 the editors are 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.

|. Debate

Debates are articles which show a discussion of the positive and negative view of the author concerning all aspect of the issue
relevant to scientific research.

2. Submission process

It is recommended to see the guidelines for reporting different kinds of manuscripts. 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 en-
closed manuscript to Cell J." Corresponding author must confirm the proof of the manuscript before online publishing. Also,
it is 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 (ICMJE)". 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.

It is 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.

Materialsand Methods: Itincludes 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 III 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 caption 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 TIF format
with 300 DPI resolution.

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

Supplementary materialswould be published onthe online version of the journal. This material isimportant 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 caption 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.

Of Note: If you have already any patent related to the subject of your manuscript, or you are going to apply for such a patent,
it must be mentioned in this part.



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. 2" 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. 2"¥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. The first page of manuscript 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.

The Editor-in-Chief: Ahmad Hosseini, Ph.D.
Cell Journal ;..
P.O. Box: 16635-148, Iran
Tel/Fax: + 98-21-22510895
Emails: info@celljournal.org

journals@celljournal.org
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Abstract
Objective: Assessment of the cytotoxicity of novel calcium silicate-based cement is imperative in endodontics. This
experimental study aimed to assess the cytotoxicity and odontogenic/osteogenic differentiation potential of a new
calcium silicate/pectin cement called Nano-dentine against stem cells from the apical papilla (SCAPSs).

Materials and Methods: In this experimental study, the cement powder was synthesized by the sol-gel technique.
Zirconium oxide was added as opacifier and Pectin, a plant-based polymer, and calcium chloride as the liquid to
prepare the nano-based dental cement. Thirty-six root canal dentin blocks of human extracted single-canal premolars
with 2 mm height, flared with #1, 2 and 3 Gates-Glidden drills were used to prepare the cement specimens. The
cement, namely mineral trioxide aggregate (MTA), Biodentine, and the Nano-dentine were mixed according to the
manufacturers’ instructions and applied to the roots of canal dentin blocks. The cytotoxicity and odontogenic/osteogenic
potential of the cement were evaluated by using SCAPs.

Results: SCAPs were characterized by the expression of routine mesenchymal cell markers and differentiation
potential to adipocytes, osteoblasts, and chondrocytes. Cement displayed no significant differences in cytotoxicity or
calcified nodules formation. Gene expression analysis showed that all three types of cement induced significant down-
regulation of COLA1; however, the new cement induced significant up-regulation of RUNX2 and SPP1 compared to
the control group and MTA. The new cement also induced significant up-regulation of TGFB1 and inducible nitric oxide
synthase (iNOS) compared with Biodentine and MTA.

Conclusion: The new Nano-dentin cement has higher odontogenic/osteogenic potential compared to Biodentine and

MTA for differentiation of SCAPs to adipocytes, osteoblasts, and chondrocytes.
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Introduction

Different types of cement have been traditionally
applied for sealing the pulp cavity and preventing bacterial
leakage as an efficient vital pulp therapy (1). Although,
there is still high demand for applying advanced materials
in the apical region of the root canal through endodontic
regeneration procedures in the hope of improving the
healing process of periodontal tissues. The ultimate goal of
developing novel biomaterials is to enhance their capability
for inducing differentiation of mesenchymal stem cells
(MSCs) to odontoblast-like cells and stimulating hard tissue
formation. Indeed, the biocompatibility of these types of
cement is of great importance regarding their direct contact
with live tissues (2) .

Currently, mineral trioxide aggregate (MTA) is known
as the most commonly used capping biomaterial in

clinical studies (1), which is composed of tiny hydrophilic
particles that are allowed to set in aqueous/moisture
conditions (3). MTA presents suitable biocompatibility,
radiopacity, and strength, which provides significant
advantages in contrast to amalgam and super-EBAn (4).
The optimum working time for MTA is around 5 minutes,
with a setting time of 2.45 to 4 hours. Based on the
literature, its cementogenesis property is attributed to the
release of calcium ions reacting with phosphate groups
in interstitial fluid and forming hydroxyapatite on the
surface (5). However, long setting time, low compressive
strength, and low flowability are considered the significant
drawbacks of MTA (6). Furthermore, the ability of MTA
to support the adhesion, proliferation, and anchoring of
human MSCs has been previously investigated (7).

The other extensively used compound applied as
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a restorative dentin replacement is Biodentine (8). It
has notable superiorities over MTA, including easy
manipulation, compatibility, and appropriate setting
time. The major components of Biodentine are tri- and
di-calcium silicate, which are incorporated with calcium
carbonate, oxide fillers, and iron oxide to confer optimal
color. Also, it contains calcium chloride as an accelerator,
a water-soluble polymer as a dehydrator, and zirconium
oxide (in some instances) as an opacifier. The preparation
process of Biodentine includes a primary setting time of
around 6 minand a final setting time of 10-12 minutes,
which are shorter than glass ionomer and MTA (9).
Over its suitable biocompatibility, Biodentine has been
known as a bioactive material which promotes osteogenic
differentiation and mineralization of different MSC
types. It also possesses a suitable potential for inducing
odontogenic differentiation and changing the equilibrium
from inflammation to regeneration via decreasing the
expression and activity level of TNF-induced transient
receptor potential ankyrinl (TRPAT1) (10).

On the other hand, Youssefetal. (11) provided significant
evidence for the cytotoxic effect of Emdogain, MTA,
Biodentine, and calcium hydroxide against human dental
pulp stem cells. In addition, another calcium silicate-
based material (TheraCal) showed decreased proliferation
rate in pulp fibroblasts and stimulated the release of IL-8
as a pro-inflammatory cytokine (12). Indeed, Saberi et al.
(13) showed that the viability of stem cells from the apical
papilla (SCAPs) treated with Biodentine was decreased
over time.

Despite the remarkable merits of Biodentine, its high cost
leads scientists to develop new inexpensive cement with
improved sealability, minimized cytotoxicity, and higher
osteoinductivity. In this regard, we take advantage of
nano-calcium silicate and pectin biopolymer to overcome
physical and chemical shortcomings faced by traditional
calcium silicate cement. In addition, it was endorsed that
nanomaterials revealed a higher antibacterial effect and
better root canal filling (14).

Regarding the relatively low cost, renewability, diverse
structures, and different physical properties, biomaterials
reached many interests for use in a wide range of
pharmaceutical and biomedical applications. Notably,
some influential biopolymers have been developed
recently with suitable applications in wound healing. They
revealed a good potential for absorbing a high volume of
water from the inflamed tissues when applied in dry form
and providing the required water for the tissue when used
in hydrated format (15). In particular, Pectin is known as
a biopolymer with a wide range of biomedical activities,
including B-lymphocyte activation and inducing the
release of pro-inflammatory cytokines (such as IL-1B)
from macrophages. Also, pectin-based materials were
extensively used in traditional wound healing/dressing
products, according to their noteworthy physico-chemical
characteristics (16). Namely, Pectin have a suitable
hydrophilicity, allowing exudate removal from the inflamed
tissues (17). Also, Pectin can potentially preserve the
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wound site’s acidic pH, which serves as a barrier against
bacteria and fungi. Moreover, it could bond to various
active molecules and protect them against degradation
(18). Although, it is worth mentioning that there is some
evidence showing the remarkable cytotoxicity of Pectin
at high concentrations (19).

Despite the promising potential of Pectin as a part of
the capping agent, there is no report on the evaluation of
cytotoxicity and odontogenic/osteogenic differentiation
potential of pectin-containing materials. So, in this
research, we introduced a new calcium silicate-based
cement containing pectin polymer and aimed to assess its
cytotoxicity and odontogenic/osteogenic differentiation
potential over SCAPs through in vitro condition

Materials and Methods
Synthesis and preparation of the new cement

The new cement was composed of a powder phase and
a liquid phase. Generally, the powder contained 80% tri-
and di-calcium silicate, 14.9% calcium carbonate (Merck,
Germany) as the filler, and 5% zirconium oxide (Merck,
Germany) as the opacifier, and 0.1% pectin (Sigma
Aldrich, Steinheim, Germany). The tri- and di-calcium
silicate was synthesized by the sol-gel technique. For this
purpose, 8.48 ml of tetracthyl orthosilicate (pure TEOS,
FlukaMerck, Germany) was dissolved in double distilled
water, and the pH of the solution was adjusted to 4.5 by
nitric acid. Then 26.58 g calcium nitrate tetrahydrate
(Merck, Germany) was gradually added to the solution
during continuous stirring. Next, the solution was heated
at 70°C for 24 hours to form a gel (20), and the obtained
gel was then heated at 120°C for 24 hours for drying.
Finally, the obtained compound was heated at 1500°C for
2 hours for calcination (21). The final liquid contained,
the cement was prepared by mixing the powder (0.3
g) and liquid (calcium chloride (Merck, Germany) in a
capsule using an amalgamator.

Characterization of the nano-dentine

The morphological feature of raw new cement was
analyzed by using scanning electron microscopy (SEM,
KYKY, EM-3900M, China). Also, the crystalline
structure of nano-dentine was characterized using X-Ray
diffraction (XRD, Bruker D8 Advance Diffractometer)
with the 2-theta method (range 5° -80°, step size 0.02°, 1
s/step). Peaks were compared with standard XRD profiles
obtained from the powder diffraction file (PDF) database.
ATR-FTIR spectra of cement have been collected with a
Bruker Tensor II FTIR System (Bruker Optics, Ettlingen,
Germany) over wavelengths between 400 cm™ and 4000
cm™ with a resolution of 1.5 cm™. To analyze Nano-
dentine’s degradation rate, the modified ANSI/ADA
Specification Number 9 was applied. Briefly, hardened
samples with 10 mm diameter and 1 mm thickness
(n=5) were immersed in 50 ml of HPLC grade water
and incubated at 37°C for 5 and 30 days. At each time
point, cement were removed, and water left to evaporate



at 80°C following an overnight at 110°C. Finally, the
residual materials were collected, and the weight loss
percentage was calculated based on the formulation
of AW%=[(W2-W1)/W1]*100, through which WI
indicating the weight of the initial dried material and W2
referred to the material weight at the end of incubation
time points.

Application of cement into root canal dentine blocks

Human single-rooted premolars were taken from
teeth extracted for various clinical reasons (as part
of prosthetic, periodontal, or orthodontic treatment)
following obtaining written informed consent from the
patients. The study was approved by the ethics committee
of Zahedan University of Medical Sciences (IR.ZAUMS.
REC.1398.353). All teeth underwent digital periapical
radiography in buccolingual and mesiodistal directions.
The teeth had mature apices, one straight canal, no history
of previous endodontic treatment, and no defects such as
calcification, resorption, or cracks were picked for further
experiments. The hard and soft tissue residues were
removed from the tooth surface using an ultrasonic scaler.
After primary disinfection of the teeth with 5.5% sodium
hypochlorite for 10 minutes, and subsequent rinse with
saline, they were stored in 0.9% saline until use. The teeth
were then decoronated at their cementoenamel junction
by a carbon disc and surgical handpiece under water
coolant. A #20 K-file was used to negotiate the canal
orifice. To standardize the internal canal space to have 1.5
mm diameter, #1, 2 and 3 Gates-Glidden drills were used
orderly for primary flaring of the canal. Subsequently,
final root canal preparation was performed using #2, 3, 4,
and 5 peeso reamers.

Afterward, 36 roots were sectioned into dentine blocks
with 2 mm height by a carbon disc and surgical handpiece
under water coolant. The specimens were then stored in
0.9% saline, randomly divided into 3 groups (n=12 for
each), and sterilized at 121°C and 2 bar pressure for 20
minutes. MTA and Biodentine were prepared according to
the manufacturers’ instructions in aseptic conditions and
packed in the root canal of the dentine block. Briefly, the
powder and liquid were homogenously mixed in 1:3 ratios
to prepare MTA. For Biodentine, five drops of the liquid
part were added to each capsule and underwent trituration
in an amalgamator at 4000 rpm for 30 seconds to achieve
a paste-like consistency. In the case of new cement, six
drops of the liquid were added to each capsule and mixed
in an amalgamator at 4000 rpm for 15 seconds until
obtaining a paste-like consistency. Finally, all specimens
were incubated in a moist environment for 15 minutes for
the primary setting. The sample preparation procedure
was schematically presented in Figure 1A.

Cell isolation and culture

As previously reported, the SCAPs were harvested and
characterized from healthy immature human third molar
teeth (22). The teeth were extracted for other medical issues
after obtaining informed consent from volunteers. Briefly,
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the apical tissue was rinsed with phosphate buffered
saline (PBS, Bio-Idea, Tehran, Iran) supplemented with
penicillin-streptomycin  (2X  Penicillin-Streptomycin,
Gibco, Paisley, UK). For enzymatic digestion, first, the
apical tissue was diced into pieces by a surgical scalpel,
and the pieces were exposed to 3 mg/mL of collagenase
type I and 4 mg/mL dispase (both from Gibco, Paisley,
UK) for 30 to 45 minutes at 37°C. Next, the obtained cell
suspension was filtered through a 70-pum filter mesh and
centrifuged for 8-10 minutes at 1800 rpm. The collected
cells were cultured in minimum essential Eagle’s medium
(a-MEM, Sigma, Munich, Germany), supplemented
with 15% fetal bovine serum (FBS, Gibco, Paisley, UK),
1% Glutamax, 1% penicillin/streptomycin, 250 pg/mL
amphotericin B (PAA, Colbe, Germany), and gentamycin
(Gentamicin Sulfate, Sigma, Munich, Germany), then
incubated (Labotec C200) at 37°C and 5% CO, and filling
the dish, the cells were passaged after reaching confluence
condition.

Characterization of isolated cells

To evaluate the stemness of the isolated cells, expression
of CD105, CD45, CD146, CD73, STRO-1, and CD90
surface markers was measured by flow cytometry. For
this purpose, after counting the cells, they were fixed
in 4% paraformaldehyde at 4°C for 30 minutes and
permeabilized using 0.2% Triton-X100 for 30 minutes.
The fixed cells were then rinsed with PBS and incubated
in primary antibodies (all from Merck Millipore, Billerica,
MA, USA) diluted in 10 mg/mL BSA overnight. Finally,
the following incubation with appropriate secondary
antibodies at 37°C for 2 hours, the expression analysis
was performed by a FACS Calibur cytometer (Becton
Dickinson, San Jose, CA, USA) and analyzed by WinMDI
2.9 software.

Next, their three-lineage differentiation potential was
evaluated. For this purpose, after reaching over 95%
confluence, the culture medium was replaced with an
osteogenic medium (including 0.1 uM dexamethasone,
50 ug/mL ascorbic acid-2 phosphate, and 10 mM beta-
glycerophosphate), and adipogenic medium (containing 0.1
uM dexamethasone, 50 pg/mL ascorbic acid-2 phosphate
and 50 pg/mL indomethacin). To induce chondrogenic
differentiation, cells were centrifuged at 300 g for 5 minutes
and incubated in a basic culture medium supplemented
with a specific chondrogenic medium containing 0.1 uM
dexamethasone, 50 pg/mL ascorbic acid-2 phosphate, 10
ng/mL transforming growth factor B (TGFB1), and 1%
ITS. The medium was refreshed every 3 days for 21 days.
Atthe end of the differentiation period, specific staining was
carried out for the assessment of osteogenic differentiation
(Alizarin Red S staining), chondrogenic differentiation
(Toluidine Blue staining), and adipogenic differentiation
(Oil Red-O staining).

In vitro osteogenic/odontogenic differentiation assay

To assess the odontogenic/osteogenic differentiation
of SCAPs in the presence of different blocks, cells
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were cultured with a density of 2.1x10° After reaching
90% confluency, the culture medium was replaced with an
odontogenic/osteogenic medium, as previously described
in section 3.3. The efficiency of odontogenic/osteogenic
differentiation was evaluated by Alizarin Red staining
and analyzing the expression level of specific markers by
quantitative real-time polymerase chain reaction (QRT-PCR).
Each test was performed in three independent experiments,
and the values were reported as mean values = SEM.

Cytotoxicity assay

To assess the potential cytotoxicity of cement in direct
contact with the SCAPs, cultured cells were faced with
dentine blocks filled with cement placed on top of 6.5-mm
diameter, 0.4 um pore size transwell inserts wholly covered
with the culture medium. The cultured cells without cement
were evaluated as the control group. Also, the indirect
cytotoxicity of cement was evaluated following incubation of
cells with a medium conditioned with dentine blocks for 10
days through culture conditions.

After 1, 3, 5, 7, and 10 days, the cells’ metabolic activity
and proliferation rate was measured with an M TS assay using
the MTS kit (Promega, USA), based on the manufacturer’s
instruction. Briefly, the dentine blocks were removed from
the wells after 3.5 hours’ incubation with MTS/PMS. The
product absorbance was measured at 490 nm by a microplate
reader (Fluostar Optima, BMG Lab Technologies, Germany).
Each test was performed in three independent experiments,
and the values were reported as mean values + SEM.

Alizarin Red staining

After 21 days, the cells were rinsed with PBS, fixed
with 96% ethanol, and stained with 0.2% Alizarin Red
(pH=6.4) for 1 hour at room temperature. Eventually, cells
were immersed in a solution of 20% methanol and 10%
citric acid for 15 minutes. Then, the conditioned solution
was transferred to 96-well plates, and their optical density
was read at 450 nm using a microplate reader (Fluostar
Optima, BMG Lab Technologies, Germany).

RNA extraction, cDNA synthesis, and quantitative
real-time polymerase chain reaction analysis

The SCAPs were rinsed with PBS and collected in
Trizol reagent (Sigma, Munich, Germany), following the
differentiation process. Total RNA extraction was carried out
using the phenol-chloroform method. To eliminate possible
DNA contamination, the extracted samples were treated
with DNasel, and cDNA was synthesized according to the
protocol provided by the kit (Fermentas, CA, USA). Next,
the QRT-PCR analysis was performed for specific osteogenic
markers (COL1A1, SPP1/OPN, and RUNX2) as well as well-
known inflammatory-related genes (TNF-alpha, TGFB1,
and iNOS) using ABI device (Applied Biosystems, USA).
Detailed information for the primers is provided in Table 1.
The relative expression of the target genes was calculated
through the delta-delta-Ct (ddCt) method compared to the
untreated cells before differentiation induction.
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Table 1: Information on primers used in quantitative real-time
polymerase chain reaction

Gene symbol  Primer sequence (5-3") Accession number
rh.B.actin F: AGATGCGTTGTTACAGGAAG NM_001101.3
R: TGTGTGGACTTGGGAGAG
rh.COL1ALl F: TAGTCTGTCCTGCGTCCTCTG NM_000088.3
R: TTTTGCTTCCTCCCACCCCTA
rh.SPP1 F: TTCGCAGACCTGACATCCA NM_001251830.1
R: CCATTCAACTCCTCGCTTTCC
rh.TNF-alpha  F: TAAGAGGGAGAGAAGCAACT NM_000594.3
R: CAGTATGTGAGAGGAAGAGAAC
rh.RUNX2 F: TCACTGCCTCTCACTTGCCA NM_001015051.4
R: TACACACATCTCCTCCCTTC
rh.TGFB1 F: ACAATTCCTGGCGATACCTCA NM_000660.5
R: GTGAACCCGTTGATGTCCACT
rh-iINOS F: GTCCCCTTTCTACTACTATC NM_000625.4

R: CTGATTTTCCTGTCTCTGTC

Statistical analysis

The data were analyzed using SPSS version 16 (Inc.,
Chicago, USA) via one-way ANOVA and t test. P<(.05
were considered significant.

Results
Characterization of new cement

The macroscopic appearance of new cement revealed
a white powder (Fig.1A) composed of relatively
homogeneous grain size, as shown in SEM images
(Fig.1B, C). Moreover, the X-ray diffraction peaks for
the Nano-dentine has properly matched the standard
graphs for Ca,SiO, (reference ID: 14-0693) and Ca,SiO,
(reference ID: 31-0297), which confirmed the presence
of the crystalline form of calcium silicates, as the main
component of the Nano-dentine (Fig.1D, E).

The transmission spectrum of nano-dentine cement
showed a peak at 512 cm attributed to the vibration
bending of calcium silicate anhydrate (SiO,*), which was
also observed in biodentine and MTA spectrum (Fig.1F).
For both nano-dentine and biodentine, the strong band
around 1460 cm™ could be assigned to the aromatic
ring, and the weak peak at 712 cm™ ascribed to the V,
vibrations of CO,. Moreover, the sharp peak around 870
cm™ in all types of cement is associated with the C-O
group. The biodegradation assay revealed an increasing
rate of degradation, through which the mean cumulative
weight loss (%) of Nano-dentine after 5 and 30 days were
6.16% + 0.47 and 11.13 % = 0.75, respectively.


http://www.ncbi.nlm.nih.gov/nucleotide/110349771?report=genbank&log$=nuclalign&blast_rank=4&RID=MWRDT9N301R
http://www.ncbi.nlm.nih.gov/nucleotide/395132451?report=genbank&log$=nuclalign&blast_rank=5&RID=GNY0JUF5015
http://www.ncbi.nlm.nih.gov/nucleotide/551411950?report=genbank&log$=nuclalign&blast_rank=1&RID=2ZJDXKYA014
http://www.ncbi.nlm.nih.gov/nucleotide/206597519?report=genbank&log$=nuclalign&blast_rank=10&RID=8K9TKCSJ01R
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Fig.1: Characterization of Nano-dentine cement. A. The schematic presentation of experimental design. Scanning electron microscopic images of the
cement at the magnification of B. 100X, and C. 500X. XRD diffraction pattern of Nano-dentine compared to the standard patterns of D. Di-calcium silicate
and E. Tri-calcium silicate. F. FTIR spectrum of three MTA, Biodentine, and Nano-dentine in the wave range of 400-4000 cm™*. G. The weight loss percentage
of Nano-dentine cement over five and 30 days. Results from three independent experiments are expressed as means + SEM. XRD; X-ray diffraction, FTIR;

Fourier transform infrared, and MTA; Mineral trioxide aggregate.

Isolation of SCAPs

After 48 hours from the primary seeding, adhered
cells colonies appeared, which covered almost 70%
of the culture plate following 10 days’ incubation in
normal culture conditions (Fig.2A). The cells resembled
fibroblast-like morphology and grew as a monolayer after
the first passage (Fig.2B). After the three passages, we
reached a relatively homogenous population of stem cells
used for further characterization.

Assessment of the expression of mesenchymal stem
cell markers by flow cytometry

The expression of specific mesenchymal stem cell
markers, including CD146, STRO-1, CD105, CD90, and
CD73,and a hematopoietic stem cell marker (CD45) at
passage 4 revealed a substantial expression of all MSC-
related markers. Figure 2C exhibited a representative
histogram for each protein approved that over 95% of the
cells expressed mesenchymal cell markers (CD73, CD90,
CD105), and around 90% of the cells expressed dental
stem cell markers (CD146, STRO-1). However, the cells
did not express CD45 as a prominent hematopoietic stem
cell marker (0.45%).

Assessment of differentiation potential of cells into
three mesenchymal cell lines

Staining with Oil Red, Alizarin Red, and toluidine blue
after 21 days of treatment in the specific media confirmed
the differentiation potential of isolated cells to adipocytes,
osteoblasts, and chondrocytes, respectively (Fig.2D-F). The
lipid particles formed in adipocytes colored red after Oil Red
staining (Fig.2D). Also, calcium-phosphate deposits released
from osteoblasts completely covered the cell surface and
appeared in the form of red nodules after Alizarin Red staining
(Fig.2E). After sectioning the formed cartilaginous masses
and their staining with toluidine blue, the underlying collagen
in the ECM of chondrocytes in lacuna-shaped structures
confirmed the formation of cartilage-like tissue (Fig.2F).

Assessment of proliferation and viability of SCAPs

Assessment of proliferation rate of the cells directly or
indirectly faced with different dentine blocks via MTS assay
revealed no significant difference in cell viability during 10
days. The results indicated an increasing profile in metabolic
activity for all experimental groups over time. Whenthe
cells were directly treated with Nano-dentine, they showed
maximum cell viability and proliferation rate on the day 7,
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similar to the control group. However, MTA and Biodentine  cellular metabolic activity in all time points, significant
groups reached maximum absorbance after 10 days (Fig.3A).  differences were only observed against Biodentine on day 3
Although the MTA-conditioned medium caused higher  and day 10, as well as Nanodentine on day 3 (Fig.3B).

A B D
E
C
F
F G
G

Fig.2: Characterization of harvested cells from apical papilla. Inverted microscopic photographs of the morphology of SCAPs. A. 10 days after primary
culture. Colonies formed in the primary culture are marked with yellow arrows, B. After the second passage (scale bar=200 um). C. Representative
histogram of the expression of CD105, CD90, CD73, CD146, STRO-1, and CD45. Green histogram indicates cell fluorescence with the control antibody
(isotype control), and a purple histogram indicates cell fluorescence with the respective antibody. D. Control cells following 21 days of cultivation under
normal culture conditions. Assessment of multilineage differentiation potential of isolated cells to E. Adipocytes, F. Osteoblasts, and G. Chondrocytes
after 21 days of treatment in specific media, and stained with Oil Red, Alizarin Red, and toluidine blue, respectively. SCAPs; Stem cells from apical papilla.

Fig.3: Assessment of the viability of SCAPs using the MTS assay. The absorbance of formazan at 492 nm wavelength at 1, 3, 7, and 10 days after culture
indicated the activity and viability of cells A. Directly or B. Indirectly treated with the Nano-dentine cement, MTA and Biodentine, compared with the
no-cement control groups. Data are presented as the mean value of three independent experiments + SEM. SCAPs; Stem cells from apical papilla, MTS;
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, and MTA; Mineral trioxide aggregate.
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Assessment of odontogenic/osteogenic differentiation
by real-time gRT-PCR

Analyzing the expression value of odontogenic/
osteogenic markers at the mRNA level in the treated cells,
compared with pre-incubation cells revealed significant
down-regulation of COLAL simultaneous with significant
up-regulation of RUNX2 and SPP1 as indicators of bone
specification and osteoblast maturation, respectively, in
all samples. Significant up-regulation of these markers
was particularly noted in the new cement group, compared
with the control and MTA groups (P=0.01, Fig.4A-C).

Assessment of osteogenic differentiation by Alizarin
Red staining

Semi-quantitative analysis of Alizarin Red S
accumulation revealed no significant differences (P>0.05)
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in calcium deposition between SCAPs exposed to different
cements after 21 days treatment with osteogenic medium.
In addition, neither the Nano-dentine nor the commercial
counterparts (Biodentine and MTA) showed significant
difference compared with the control group (Fig.4D, E).

Assessment of the expression of markers involved in
inflammation by real-time qRT-PCR

No sign of up-regulation of pro-inflammatory markers
(inducible nitric oxide synthase (iNOS) and TNF-alpha)
was observed after 21 days of treatment with Biodentine
and MTA in comparison to control. However, SCAPs
exposed to the new cement showed relative up-regulation
of both markers. On the other hand, expression of TGFB1
increased in all experimental groups, particularly in the
new cement group (Fig.5).

Fig.4: Assessment of the osteogenic potential in the presence of dental materials. Analysis of the mRNA expression level of A. ALP, B. COLA1, C. RUNX2, and
D. SPP1 as the indicators of early, intermediate, and maturation phase of osteoblasts compared with their expression before induction of differentiation
(day 0). Data are presented as the mean value of three independent experiments + SEM. E. Semi-quantitative analysis of Alizarin Red staining in different
groups using spectrophotometry at 450 nm wavelength. Data are presented as the mean value of three independent experiments + SEM. *; Indicates a

significant difference with P<0.05 and ns; Non significant change.
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Fig.5: Expression of markers involved in inflammation at the mRNA level. Expression of A. TNF-alpha and B. iNOS as markers of Inflammation, and C. TGFB1
as an anti-inflammatory marker, compared with their expression before induction of differentiation (day 0). Data are presented as the mean value of three
independent experiments + SEM. * indicates a significant difference with *; P<0.5, ***; P<0.005, TNF; Tumor necrosis factor, iNOS; Inducible nitric oxide

synthase, and ns; Non significant change.

Discussion

In this study, we introduced Nano-dentine as a novel
calcium silicate-based material and assessed its bio-
functionality against SCAPs. We found that SCAPs could
survive and proliferate in the presence of dentine blocks
filled with the Nano-dentine similar to the control group
and the commercial counterpart (MTA and Biodentine).
The SCAPs have reached a steady state after seven days,
while maximum cell proliferation in MTA and Biodentine
groups were reported on day ten post treatment. The
higher proliferation rate of cells in the presence of Nano-
dentine is likely attributed to the pectin component.
Pectin isa natural water-soluble polymer, which is
widely used in food and drink manufacturing industries
as a concentrating, reinforcing, and gelation reagent. In
addition, there are numerous reports on the significant
antiproliferative effect of Pectin on cancer cells via
inducing apoptosis or regulating cell signaling pathways
(23). It is evident that Pectin only has an inhibitory effect
on cells that express the galectin receptor, especially in
high concentrations (24). Intravenous injection of Pectin
also triggered coagulation in a shorter time which would be
beneficial for controlling hemorrhage and local bleeding
(25). Pectin’s physicochemical properties highlightedits
relevance for wound dressing and elimination of exudates
from the wound site (17).

Inaddition, Pectin can prevent the colonization of bacteria
and fungi by providing the acidic pH in the environment
and protecting biomaterials against degradation via
binding active sites (18). Nano-dentine revealed a suitable
degradation rate after one week (7.33%) comparable to
Portland cement as well as gray and white MTA (26).

Furthermore, our findings align with previous reports
on reasonable cytotoxicity of Biodentine and MTA over
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SCAPs (13, 27). Although Nano-dentine group showed
a higher level of RUNX-2 and SPP1 expression, COLAL
was expressed in a similar way in all experimental
groups, which was probably due to the high primary
level of COLAL in dental-related stem cells (28). It is
evident that the expression level of ALP, as an early
marker of osteogenesis, was reduced in all groups at the
end of treatment time. This finding is in harmony with
the highly overexpression of SPP1, as a late osteogenic
marker, and confirms the maturity of osteoblasts. In
this way, alizarin red staining confirmed the functional
osteoblast differentiation in all experimental groups,
which is consistent with the previous report on the
remarkable calcification induced by MTA and Biodentine
due to the release of calcium hydroxide and deposition of
hydroxyapatite (27).

RUNX2 is a key transcriptional modulator for
osteoblastic differentiation, which plays a critical
role in the maturation and homeostasis of osteoblasts
during embryogenesis and regeneration (29). Indeed,
SPP1 (osteopontin) which is known as the critical non-
collagenous bone matrix phospho-glycoprotein, reveals
a high affinity to hydroxyapatite and acts as a chemo-
attachment for osteoclasts (30). Hence, it is directly and
actively involved in the process of bone resorption by
osteoclasts (31, 32).

Moreover, the SCAPs showed a significantly higher
expression level of TNF-alpha, TGFB1, and iNOS
after exposure to Nano-dentine compared to Biodentine
and MTA. This effect may be attributed to the positive
impact of Pectin on the expression/ activation of SMAD3
as the main effector of the TGFB signaling pathway
(33). Additionally, Amorimet al. (34) showed that this
biopolymer i increases NOS expression. A different



line of studies has asserted that in natural dentine tissue,
odontoblast express pro- and anti-inflammatory cytokines
having paracrine/autocrine effect (35). A complex
orchestration of inflammatory mediators seems to be
required for the regeneration process. In this way, Saberi
et al. (27) reported a significant increase in the expression
of TNF-alpha after 3 and 7 days of treatment with MTA and
Biodentine, respectively. It has been documented that TGFB1
plays a fundamental role in the migration and differentiation
of stem cells to odontoblast-like cells (36). Also, FGF2 and
TGFBI play critical roles in the induction, specification, and
morphogenesis of stem cells during odontogenesis (37).

Nitric oxide is a free radical produced from L-arginine
guanidino-nitrogen in three isoforms [endothelial NOS
(eNOS), neural NOS (nNOS), and iNOS], depending
on the tissue origin and their physiological role (38).
In particular, iNOS and eNOS are expressed by the
stromal bone marrow cells, osteoblasts, osteocytes, and
osteoclasts, whereas the expression of nNOS is limited
to osteolineages. Although all three NOS isoforms play
an important role in bone healing, iNOS is considered the
main factor (39). The substantial overexpression of iNOS
in Nano-dentine supports this material’s higher potential
for osteo-induction.

Conclusion

Getting all together, we introduce dentine blocks
as a novel method for simulating the natural clinical
condition. The Nano-dentine cement showed comparable
results to Biodentine and MTA in the preservation of
cell viability and formation of calcified nodules. Nano-
dentine’s sensible odontogenic/osteogenic potential was
approved via up-regulation of RUNX2, SPP1, iNOS,
TNF-alpha, and TGFB1 markers, which seems to depend
on the presence of Pectin in its formulation. Moreover,
Nano-dentine showed some superiorities over the other
materials because of easy manipulation, less setting time,
and low price. These advantages lead Nano-dentine to
find a broad application in vital pulp therapy (direct and
indirect pulp capping, partial and cervical pulpotomy),
apexification, endodontic regeneration, repair of root
perforations, and root-end filling.
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Abstract
Objective: Breast cancer is one of the major causes of mortality among women. Due to many side effects of the existing
chemotherapeutic agents, the research of anti-cancer drugs, including natural products, is still a big challenge. Here,
we investigated the effects of colchicine on apoptosis of two breast cancer cell lines ( human MCF-7 and mouse 4T1).

Materials and Methods: In this experimental study, we evaluated the apoptotic effects of colchicine on (MCF-7) and
(4T1), as well as a human cancer-associated fibroblast cell line as a control group. Extraction and chromatographic
techniques were applied to isolate colchicine from Colchicum autumnale L. To compare the isolated colchicine with
pure standard colchicine, we used the H-NMR technique. The methyl thiazolyl tetrazolium (MTT) assay, quantitative
reverse transcriptase-polymerase chain reaction, Western blotting and annexin V/PI staining were used to evaluate the
apoptotic effects of the isolated and standard colchicine.

Results: Similar to standard colchicine, the isolated colchicine inhibited cell proliferation significantly in cancer cell
lines. Colchine inhibited proliferation and induced apoptosis on a dose-dependent manner. The medicine modified the
expression of genes-related to apoptosis by up-regulation of P53 ,BAX, CASPASE-3, -9 and down-regulation of BCL-2
gene, which led to an increase in the BAX/BCL-2 ratio.

Conclusion: We showed that isolated colchicine from Colchicum autumnale and pure standard colchicines modulate
the expression levels of several genes and therefore exerting their anticancer effects on both human (MCF-7) and
mouse (4T1) breast cancer cells. Based on these results, we suggest that colchicine can be a potential candidate for

prevention and treatment of breast cancer.
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Introduction

As the most common cancer among women, breast
cancer is a major public health problem around the world,
in both developed and developing countries. Based on
World Health Organization (WHO), over 502,000 women
die annually from breast cancer and it also results in
more than $7 billion medical costs per year, worldwide.
Unfortunately, the mortality rate due to this type of cancer
has dramatically increased in the past decade in Iran (1,
2). Recently, chemotherapy and radiotherapy (lonely or
in combination) are the common treatments for breast
and other types of cancers as well. But besides their
therapeutic effects, they induce wide undesired effects on
healthy cells as well (3).

Colchicine is a tropolane alkaloid, widely used for
its anti-gout and anti-inflammatory activities (4-6).
Colchicine by binding to the tubulins and interfering
with their polymerization, results in disruption of

mitosis. It also leads to the inhibition of leukocytes and
migration of other inflammatory cells (7, 8). Besides,
colchicine increases the cellular free tubulins to limit the
mitochondrial metabolism in cancer cells by blocking
voltage-dependent anion channels of the mitochondrial
membrane (9). Other studies have also reported the
antiproliferative and anticarcinogenic properties of
colchicine in different cell lines and animal models.
Additionally, recent studies in this area have shown that
colchicine as an anticancer agent, has a high potential to
induce apoptosis in cancer cells. This is evidenced by its
growth inhibitory effect on certain types of tumor cell
lines both in vitro and in vivo, such as gastric cells (10,
11), hepatocellular carcinoma (12), liver cells (13), and
cholangiocarcinoma (14). Colchicine at high doses is
extremely toxic, which limits its use in therapy on human
cells (10). Apoptosis is a highly regulated process that
begins by activation of various molecules in this pathway.
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Therefore, the activations of these molecules in the
apoptosis pathway offer promising approaches towards
cancer therapy. However, the exact cytotoxic mechanism
of colchicine is still unknown due to the certain anti- and
pro-apoptotic signaling pathways in different cell types.
Since colchicine is extremely toxic at high doses (15), the
amount of it that may be used on cells is limited, and thus
it is a big challenge to determine the mechanism behind its
apoptotic effects on breast cancer cells.

In this study, we evaluated the cytotoxic and growth
inhibitory effects of isolated colchicine from C. autumnale
L., and investigated its effects on apoptotic genes and
proteins in human (MCF-7) and mouse (4T1) breast
cancer cell lines.

Materials and Methods

Extraction and purification of colchicine from
Colchicum autumnale L. corms

This report is on an experimental study, in which the
corms of Colchicum were collected from Kermanshah,
Iran, between October and November 2014. Corms was
further identified and confirmed by the Department of
Agricultural College (Voucher number: 2770, deposited
in Herbarium of Razi University, director: Dr. S M.
Maassoumi). Extraction was performed according to Alali
et al. (16) with slight modifications. Brieftly, the bulbs
were crushed and dried out in the dark and then powdered
with a laboratory grinder. One weight of the powder was
extracted two times with 50 volumes of ether while shaking
for 2 hours, followed by filteration. The solid residues
were air-dried and extracted with dichloromethane
(DCM) at room temperature for 30 minutes by shaking.
Then, 10% ammonia solution was added to the mixture
with intense shaking for 10 minutes and the mixture was
left undisturbed for the next 60 minutes. Right after the
break, 250 ml of DCM was added and the mixture was
immediately filtered. The residue was washed twice with
250 ml of DCM and then pooled with the filtrate. The
solution was allowed to evaporate to dry.

Column chromatography was performed on silica gel
(Merck, Darmstadt, Germany; 63-200 um particle size)
that was already slurry-packed with DCM. The dried
extract from the previous step dissolved in DCM and was
applied to the column. The column was eluted by using
chloroform-methanol solution (5:95). The eluted fractions
were evaluated through thin layer chromatography (TLC)
and then visualized by ultraviolet (UV) at 254 nm. In the
eluted fractions colchicines were identified by TLC and
classified into five groups based on the band intensity.
Each of the five groups was evaporated to dryness. In the
next step, the content of each group was evaluated by TLC
and compared to the pure standard colchicine powder from
Alexis (Nottingham, East Midlands, UK). Two fractions
that showed the highest similarity to the standard control
colchicine were further tested for their effectiveness.

For quantitative analysis of the isolated colchicine, we
used the UV spectroscopy method (Bioaquarius, Cecile,
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UK) with the standard control colchicine as the reference.
Moreover, a known amount of colchicine was dissolved
in methanol and checked for its Aref value with UV
spectroscopy. In order to run Fourier-transform infrared
(FTIR) spectroscopy (PerkinElmer- M-15 model), the
sample was prepared according to the protocol and the
results were analyzed by SHIMADZU (IR Prestige-21
model).

Finally, the H-NMR method was used to determine the
similarity of the isolated colchicine from C. autumnale L
to the standard control colchicine. The H-NMR spectra
in the experiment were recorded on a 500 MHz (Bruker,
Germany) instrument, with chloroform (CDCL,) as the
solvent.

Cultivation of cell lines

Human (MCF-7) and mouse (4T1) breast cancer cell
lines were obtained from Pasteur Institute of Iran and
human fibroblast cells were isolated from normal-healthy
skin used as the control [all experimental procedures were
carried out in accordance with the Ethical Principles and
the National Norms and Standards for Conducting Medical
Research in Iran (IR.KUMS.REC.1397.941)]. Informed
consent was obtained from all individual participants
included in the study. The human and mouse breast
cancer cells (MCF-7, 4T1) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 100 units/ml penicillin,
and 100 pg/ml streptomycin. Incubation was carried out
at 37°C with 5% CO.,

Cytotoxicity assay

MCF-7, 4T1, and fibroblast cells were cultured in 96-
well plates in DMEM containing 10% fetal calf serum
(FCS), at 37°C and 5% CO, and were allowed to reach
70-80% confluency. Culture medium after 24 to 48 hours
(by cell type) was replaced with 300 pl fresh medium
containing 5% FCS. The wells were treated with different
concentrations of isolated and standard colchicine and
some wells were assigned as controls (untreated). After
24 hours, cells were detached from the plate using trypsin-
EDTA and resuspended in a 100 pl of culture medium
after centrifugation. The suspension was well dispersed
and then the viability of the cells was evaluated after
adding trypan blue (0.4% in PBS) to the test and control
wells. The following formula was applied to calculate the
viability at different time intervals:

Viability% = [1.00 — (Number of blue cells + Number of
total cells)] x 100.

Growth inhibition using MTT assay

Human (MCF-7) and mouse (4T1) breast cancer cell
lines and normal human fibroblasts were seeded (5000
cells/wells) in 96-well plates and incubated in a serum-
containing medium, as mentioned above, for 48 hours.
Then, cells were treated with various concentrations
of purified and isolated colchicine (1-400 ng/ml)



while control wells remained untreated. The cells were
incubated for an additional 48 hours, thereafter 200 ul
of MTT solution (5 mg/ml, filtered) was added to each
well and the cells were incubated for another 3-4 hours.
Dimethyl sulfoxide (DMSO) was added (150 pl) to each
well after removal of the medium and the absorbance was
measured in a microplate reader at 570 nm.

Quantitative analysis of
polymerase chain reaction

Total RNA was extracted by RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s
instructions. The high-capacity cDNA RT kit (Applied
Biosystems, Foster City, CA) was used to synthesize
cDNA. To prevent the formation of primer-dimers and
non-specific products during real-time polymerase
chain reaction (PCR), melt curve analysis and PCR
were also done. Gene expression was assessed by real-
time quantitative PCR using the Real-Time PCR system
(Rotor-Gene 6000 Cycler, Qiagen, Germany) and the
Power SYBR Green PCR master mix. Primers were
selected for each cell line and for the target genes BAX,
BCL-2, P53 and -ACTIN (MCF-7 cell line), Bax, Bcl-2,
p53 and S-Actin (4T1 cell line) based on the nucleotide
sequences downloaded from the Pre Primer software.
Furthermore, the specificity of the primers was checked
by the National Center for Biotechnology Information
data bank. To ensure the absence of singly nucleotide
polymorphism (SNP), these primers were reviewed on the
site of the NCBI checker.

reverse transcriptase-

The real-time PCR forrelative quantification of the target
genes was performed in a total volume of 20 pl comprised
of 10 pul SYBR® Premix Ex TagTM master mix (Takara,
Japan), 0.5 pl of each forward and reverse primer, 0.08
pl diluted ROX, and 2 pl DNA template, under following
conditions: an initial denaturation of templates at 95°C
for 10 minutes, followed by 35 cycles of denaturation
at 95°C for 10 seconds and annealing/extension at 60°C
for 30 seconds. The reaction was ended after the final
extension at 75°C for 15 seconds. A melt curve analysis
was performed to assess the formation of primer-dimer
or non-specific products during the amplification.
Accordingly, at the last step of the amplification, the
reaction was continued by heating at 95°C for 15 seconds,
a temperature gradient of 60-95°C for 1 minute, and 95°C
for 15 seconds. The relative expression genes (both cell
line) in the treated and control mice was calculated by
using the formula 2-2*< presented below.

Western blot

To detect changes in apoptosis-related proteins (p53,
Bcl-2, Bax, caspase-3 and caspase-9), MCF-7 and 4T1
cells (1x107 cells) were seeded in 10cm? dishes and
treated with 0.5 and 1pg/ml of isolated colchicine and 0.2
and 0.4 pg/ml of pure standard colchicine. After 24 hours,
the cells were harvested and lysed using a lysis buffer (50
mM Tris-HCL, pH=8, 8 M urea, 2 M thiourea and 0.1
mM PMSF). The protein concentration of the cell lysates
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was quantified according to the method of Bradford
with BSA as the standard. Total protein (35 ug) was
run onto a 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) for 60 minutes. Then,
the protein bands were transferred to a polyvinylidene
difluoride membrane (PVDF, Roche,Germany). The
membranes were blocked with PBS containing Tween
0.5% and BSA 2% for 20 minutes and incubated
overnight at 4°C with the following primary antibodies
(Santa Cruze): anti-p53 (1:300), anti-Bcl-2 (1:300), anti-
Bax (1:300), anti-b-actin (1:1000) anti-caspase-3 (1:500),
and anti-caspase-9 (1:500). After washing the membrane
in PBS containing Tween 0.05% (PBS-T) four times, the
membrane was incubated with horseradish peroxidase
(HRP) conjugated secondary antibody for detection.
After washing in PBS-T (four times), the reactive bands
were visualized using 3,3"- diaminobenzidine (DAB) and
H,0O, substrate solution. Finally, the reactive bands were
analyzed by Image J software (LOCI, U.S). The relative
fold-difference was calculated by the integration of the
normalized to the intensity of the 3-actin band.

Annexin-V/PI staining assay

The PI and annexin V-FITC double-binding assay was
applied to detect apoptotic cells by annexin V-FITC/PI kit.
Cells were seeded in 6-well plates containing complete
medium for 24 hours and then in a 24-hours treatment,
MCF7 and 4T1 cells were exposed to the isolated (0.5
and 1 ug/ml) and control (0.2 and 0.4 pg/ml) colchicine.
As stated in the kit manual, we harvested the cells, rinesed
twice with PBS and gently resuspended in annexin V
binding buffer and incubated with annexin V-FITC/
PI in the dark for 10 minutes. Ultimettly, the cells were
evaluated by fluorescence microscopy (Ts100, Nikon,
Tokyo, Japan) with at least 1x10° cells per sample. The
investigation was repeated 3 times for each group.

Statistical analysis

Statistical analysis was performed using SPSS 21.0
for Windows (SPSS, Chicago, IL, USA), where the data
is reported as means + standard error (SE). Differences
between the isolated colchicine treated, standard
colchicine treated and control groups (untreated) were
analyzed by one-way analysis of variance (ANOVA)
followed by Tukey’s test for multiple comparisons.
Significance levels were determined by the Student t test.
P<0.05 was considered statistically significant.

Results

Physicochemical characters of colchicine from C.
autumnale

The isolated colchicine from C. autumnale L. was
compared to standard colchicine (Nottingham, East
Midlands, UK) wusing Fourier Transform Infrared
Spectroscopy (FTIR), Proton Nuclear magnetic resonance
spectroscopy (H-NMR) and UV spectroscopy to determie
the purity and similarity of the isolated colchicines.
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The results of FTIR and H-NMR confirmed the same
molecular structure in both types of colchicines. The
results of the UV scan determined a A max value of
243.5 and 350 nm for pure standard colchicine;
completely similar to what is stated in previous studies.
Isolated colchicine also had a maximum absorption of
approximately 200-400 nm, which is about the same
as the standard colchicine. Therefore, in this study,
isolated colchicine from C. autumnale L. has been used
as an anti-cancer agent on MCF-7, 4T1 cells.

Cytotoxic effects of colchicine on MCF-7 and 4T1 cells

Trypan Blue exclusion test was applied for investigation
of the cytotoxic effects of colchicine on human and mouse
breast cancer cells, as well as on fibroblasts. The results
from MCF-7 cells exposed to various concentrations
(0.002-8 pg/ml) of the standard and isolated colchicine
during a 24 hours period are shown in Figure 1A. The
cytotoxic effect was significant, indicated by the uptake
of trypan blue dye, at the concentrations of greater than or
equal to 0.1 pg/ml and 0.5 pg/ml for isolated and standard
colchicine, respectively (P<0.05). Additionally, 50%
Cytotoxicity Concentrations (CC50) of the isolated and
standard colchicines on MCF-7 cells were 2 pg/ml and 1
ug/ml, respectively (Fig.1A). For further investigations,
concentrations close to the CC,; values (0.5 and 1 pg/ml)
were selected.

The results from treating the 4T1 cell line with
various concentrations (1-800 pg/ml) of standard and
isolated colchicine for a 24 hours period are shown in
Figure 1B. Cytotoxicity of both compounds on mouse
breast cancer cells was significant at concentrations
>10 pg/ml (P<0.05). Furthermore, the CC,, for both
compounds was similar (300 pg/ml, Fig.1B). We
observed significant cytotoxic activity on human
fibroblast cells when using concentrations above 0.1
pg/ml for isolated and 0.4 pg/ml for standard colchicine
(P<0.05). The CC, of colchicine for human fibroblast
was 6 ug/ml (Fig.1C).

The growth inhibitory effect of colchicine on MCF-7
and 4T1 cells

Growth inhibitory activity of colchicine on human
and mouse breast cancer cells and human fibroblasts
was evaluated after treating the cells with either form
of colchicine for 48 hours. Thereafter, the viability of
the cells was estimated using MTT assay. The MCF-7,
4T1 and fibroblast cells that were exposed to standard
and isolated colchicine showed a significant decrease in
cell growth in a dose-dependent manner. The inhibitory
effects of the two colchicines on MCF-7 cells was
remarkable at concentrations > 8 ng/ml (P<0.001).
Finally, 50% inhibitory concentration (IC,) of both
isolated and standard colchicines were 8 ng/ml and 4 ng/
ml, respectively (Fig.2A).

In the case of 4T1 cells, the effective inhibitory
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concentrations of the isolated and standard colchicine
started from >20 pg/ml and >100 pg/ml, respectively
(P<0.05). But the IC, value for both colchicines on 4T1
cells was 200 pg/ml (Fig.2B).

The significant growth inhibitory effect of the isolated
and standard colchicines on fibroblast cells started from
0.4 pg/ml (P<0.001). The IC,, of both colchicines on
fibroblast cells was 2 ug/ml (Fig.2C).

Fig.1: Cytotoxic effects of different concentrations of standard (drug)
and isolated colchicine after 24-hours of treatment. A. On MCF-7
cells, B. On 4T1 cells, and C. On fibroblast cells. Data are given as
mean * SE for each point of three separate experiments, *; P<0.05,
**. P<0.001 vs. control.



Fig.2: The growth inhibitory effect of different concentrations of
isolated and standard colchicine (drug) after 48 hours. A. On MCF-7
cells, B. 4T1 cells, and C. Fibroblast cells. Data are given as mean *
SE for each point of three separate experiments, *; P<0.05 and **;
P<0.001 vs. control.

The effects of colchicine on the expression of P53, BAX
and BCL-2 genes

The effects of isolated and standard colchicine on
expression of the three mentioned genes P53, BAX and
BCL-2 in MCF-7 cells was examined by quantitative
RT-PCR. Both compounds induced an up-regulation
of P53 gene (2.75-folds and 1.22 folds at 0.5 pg/ml,

Adham Foumani et al.

and 1.68 folds and 2.47 folds at 1 pg/ml, respectively)
and BAX gene (5-folds and 2.07-folds at 0.5 pg/ml,
1.61-folds and 2-folds at 1 pg/ml, respectively).
However, both colchicines down-regulated BCL-2
gene (0.74-fold and 0.59-fold at 0.5 pg/ml, and 0.7fold
and 0.53-fold at 1 pg/ml, respectively). Additionally,
significantly different gene expression levels were
observed between the two cell types when using
equal concentrations of the standard and the isolated
colchicine (*P<0.01, **P<0.05, and ***P<0.001),
This significant difference was also observed when
using different concentrations (0.5 and 1 pg/ml) of
the two colchicines (Fig.3A, *P<0.01, **P<0.05, and
**%p<0.001).

Investigating the expression levels of P53, Bax and
Bcl-2 genes in 4T1 cells treated with isolated and
standard colchicine at 200-400 pg/ml concentrations
demonstrated an up-regulation in the expression
of P53 gene (1.07-folds and 1.29-folds at 200 ug/
ml, 2.73-folds and 2.04-folds at 400 pg/ml of the
isolated and standard colchicine, respectively) and
Bax gene (6.27-folds and 4.43-folds at 200 pg/
ml, 1.72-folds and 1.44-folds at 400 pg/ml of both
compounds, respectively) but a down-regulation of
Bcl-2 gene (0.21-fold and 0.43-fold at 200-ug/ml,
0.61-fold and 0.18-fold at 400 pg/ml of the isolated-
and standard-colchicine, respectively). Similar to
MCEF-7 cells, significantly different effects on gene
expression levels in the 4T1 cells were observed
using equal concentration of the isolated and the
standard colchicine (*P<0.01, **P<0.05, and
***¥p<(0.001). Significant differences in the effects
of our treatments on gene expression levels at two
different concentrations (200 and 400 pg/ml) of
standard and the isolated colchicine was found as
well (Fig.3B, *P<0.01, **P<0.05, and ***P<0.001).

BCL-2 superfamily plays an important role in cell
apoptosis. Two members of the BCL-2 family are
anti-apoptotic BCL-2 and pro-apoptotic BAX. Isolated
colchicine increased the BAX/BCL-2 ratio (as an index
of apoptosis) in MCF-7 at the concentrations of 0.5
and 1 pg/ml and in 4T1 cells at 200 and 400 pg/ml.
Isolated colchicine raised the BAX/BCL-2 ratio up to
4.5 fold and 1.3 fold at the concentrations of 0.5 and
1 pg/ml, respectively in the MCF-7 cells compared to
the control group. Standard colchicine also lead to the
same outcome but in different amounts (1.6 fold and 1
fold at 0.5 and 1 pg/ml, respectively). In the 4T1 cells,
standard colchicine increased this ratio up to 2.9 fold
and 2.8 fold at concentrations of 200 and 400 pg/ml,
respectively. Besides that, isolated colchicine caused a
more remarkable increase in BAX/BCL-2 ratio, which
was 10.8 fold and 8 fold at the concentrations of 200

and 400 pg/ml, respectively (Fig.3C).
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A

Fig.3: mRNA expression of pro-apoptotic and anti-apoptotic genes.
A. P53, BAX, BCL-2 in MCF-7 cells, B. p53, Bax, Bcl-2 in 4T1 cells. The
expression of pro-apoptotic and anti-apoptotic genes in both cell lines
was determined by measuring mRNA levels using real-time polymerase
chain reaction (PCR). Data are given as mean = SE for each point of three
separate experiments, *; P<0.01, **; P<0.05, ***; P<0.001, between equal
concentrations of colchicine and $; P<0.01, $S; P<0.05, $SS$; P<0.001,
between different concentrations of colchicine. C. Colchicine effects on
the expression of BAX/BCL-2 in MCF-7 and 4T1 cells. Data are given as
mean * SE for each point of three separate experiments. *; P<0.01, **;
P<0.05, ***; P<0.001 vs. control and $; P<0.01, $$; P<0.05, $5$; P<0.001
vs. equal concentrations of isolated and standard colchicine (drug).

The effect of colchicine on the level of apoptosis-related
proteins

In this experiment, the effect of colchicine-induced
apoptosis on MCF-7 and 4T1 cells was investigated,
the constitutive expression of typical apoptosis-related
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proteins of P53, Bax, Bcl-2, Caspas-3, Caspase-9 and
B-Actin (as the reference protein) by Western blot method.
The results showed that after 24 hours of treatment, the
levels of pro-apoptotic proteins (P53 and Bax) increased,
while the expression of anti-apoptotic proteins of the Bcl-
2 family decreased (Fig.4A).

Compared to the controls (untreated group), treating
MCEF-7 cells with 0.5 pg/ml of standard colchicine
led to an 82% decrease in pro-apoptotic protein Bax
level (Fig.4B). The isolated colchicine also induced
the same effect on Bax level (85%) in the these human
cells. However, at higher concentrations of both
standard and isolated colchicine (1 pg/ml), 27% and
5% increases were seen in Bax level, respectively.
The expression level of the anti-apoptotic protein Bcl-
2 in the treated cells with 0.5 pg/ml of the standard
colchicine significantly decreased (94%) but isolated
colchicine at the same concentration increased the
Bcl-2 level by 2.7%. On the other hand, 1ug/ml of the
standard colchicines caused a 13% decrease in Bcl-
2 level, but the isolated colchicine induced a 1.5%
increase in Bcl-2 expression level.

The level of pro-apoptotic protein, Bax, in the case of
4T1 cells showed an 87% decrease and 83% increase
after exposure to 200 pg/ml of the standard and the
isolated colchicine, respectively (Fig.4C). But at a higher
concentration (400 pg/ml), the standard and isolated
colchicine had opposite effects (64% increase and 7%
decrease, respectively). The expression level of the anti-
apoptotic protein of Bel-2 in 4T1 cells treated with 200
pg/ml of the standard and the isolated colchicine was
decreased by 55% and 41%, respectively. This is while
at 400 pg/ml, the standard and isolated colchicines
induced 42% and 44% decrease in Bcl-2 expression level,
respectively.

The effect of colchicine on Caspase-3, -9 activities in
MCF-7 and 4T1 cells

Based on the results, which are presented in Figures
4B, C, the expression levels of Caspase-3, -9 protein
decreased compared to the controls. By considering that
our used antibodies detected the pre-caspases, reduction
in the pre-caspases level can be due to their turnover into
active caspases in the apoptosis pathway.

Apoptotic effect of colchicine on MCF-7 and 4T1 cells

100 treated and 100 untreated cells were counted
from MCF-7 and 4T1 cell lines under the fluorescence
microscope after Annexin-V/PI staining to determine
the early and late apoptosis (Figs.5, 6). After 24-hours
of treatment with the isolated and standard colchicine,
the early apoptosis percentage of the treated MCF-7
cells at the dose of 0.5 pg/ml were 20% and 24% and at
the dose of 1 pg/ml were 14% and 18%, respectively.
These results showed a significant apoptotic effect
compared to the controls (¥*P<0.05 and **P<0.001).



A significant difference was also observed between
the late and early apoptosis at the same concentration
of the isolated and standard colchicine (*P<0.05 and
¥P<0.001, Fig.5F).

Fig.4: Expression of pro-apoptotic and anti-apoptotic proteins and
densitometric analysis. A. The effects of colchicine on the expression of
pro-apoptotic and anti-apoptotic proteins in MCF-7 and 4T1 cells. Cells
were exposed to the isolated and standard colchicine (drug) at 0.5 and
1 pg/ml and 200 and 400 pg/ml, respectively for 24 hours. The protein
expression of P53, Bax, Bcl-2, caspase-3 and -9 was determined by
Western blotting against controls, B. Densitometricy analysis of P53, Bax,
Bcl-2, Caspase-3 and -9 proteins in MCF-7 cell line, and C. Densitometricy
analysis in 4T1 cell line. Data are given as mean + SE for each point of three
separate experiments. Different letters indicate a significant difference
(P<0.05) and the same characters indicate a non-significant difference
between the treatments (P>0.05). I; Isolated and D; Drug.
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In the case of 4T1 cells treated with the isolated and
standard colchicines, the early apoptosis percentage
was determined as 12% and 30% at 200 pg/ml and
6% and 8% at 400 pg/ml, respectively (Fig.6F).
That means a significant apoptotic effect of both
colchicines (¥*P<0.05 and **P<0.001). Additionally, a
significant difference was also observed between the
late and early apoptosis with equal concentrations of
the isolated and standard colchicines (*P<0.05 and
**P<0.001, Fig.6F).

A B
C D
E

F

Fig.5: Results of Fluorescence Microscope image and early and late
apoptos of MCF-7 cells. A. Untreated cells as the control group, B. Treated
cells with 0.5 pug/ml of standard colchicine (drug), C. Treated cells with
1 pg/ml of standard colchicine (drug), D. Treated cells with 0.5 ug/ml
of isolated colchicine, E. Treated cells with 1 pg/ml of isolated colchicine
(scale bar: 50 um), and F. The results of early and late apoptosis in MCF-7
cells determined by Annexin V-PI method. **; P<0.001 vs. control, and
%%; P<0.001 vs. equal concentrations of isolated and standard colchicine
(drug).
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A B
C D
E

E

Fig.6: Results of Fluorescence Microscope image and early and late apoptos
of 4T1 cells. A. Untreated cells as control group, B. Treated cells with 200
ug/ml of standard colchicine, C. Treated cells with 400 pg/ml of standard
colchicine (drug), D. Treated cells with 200 pug/ml of isolated colchicine,
E. Treated cells with 400 pg/ml of standard colchicine (drug) (scale bar:
50 um), and F. Results of early and late apoptosis in 4T1 cells determined
by Annexin V-PI method. **; P<0.001 vs. control and **; P<0.001 vs. same
concentration of isolated and standard colchicine (drug).

Discussion

Herein, for the first time, we try to uncover some
possible effects of isolated colchicine of Colchicum
autumnale on MCF-7 and 4T1 cell cycle, growth and
apoptosis. The isolated colchicine, which was (compared
to standard colchicine) induced cytotoxic effects on MCF-
7 and 4T1 cells in a dose-dependent manner. Our results
revealed that low concentrations of colchicine (1-2 pg/ml)
had a significant cytotoxic effect on the MCF-7 cell line
compared to healthy human fibroblast cells (6 pg/ml). In
contrast, the cytotoxic effect of colchicine on 4T1 cell line
was observed at a concentration of 300 pg/ml (vs. 6 pg/
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ml on fibroblasts). Purified and standard colchicines both
appear to reduce the growth of cancer cells at much lower
concentrations (4-8 ng/ml) compared to the cytotoxic
concentrations. This suggest that at low concentration,
colchicine has an antiproliferative effect on these cancer
cells, while at high concentrations it turns out to be
cytotoxic. This is a very crucial factor to consider in
chemotherapy planning when choosing a suitable anti-
cancer agent. However, these in vitro results need to be
confirmed by in vivo investigation.

The cytotoxic and growth inhibition effects of
colochicine on mouse breast cancer cells, however,
were observed at 300 and 200 pg/ml, respectively.
Previous studies have revealed that colchicine at the
concentrations of 2 ng/ml, 4 ng/ml, 6 ng/ml and 0.04-
4 pg/ml, has a significant anti-proliferative effect on
cholangiocarcinoma, hepatocellular carcinoma (HCC),
neuronal cells, gastric cancer cells and healthy liver cells
(L-02), which can confirm our results (10-14). These
results indicated that various cell types have different
susceptibility and sensitivity to colchicine toxicity.
Therefore, we believe that this remarkable concentration
difference of colchicine to induces an anti-proliferative
effect between these two cell lines can be possibly due to
mutations in p53 gene or other unknown mutations in the
mouse breast cancer cells (4T1).

The cell cycle could be an appropriate target for anti-
cancer drugs to induce apoptosis (17-19). Colchicine
is a natural alkaloid that binds to tubulin, inhibits the
formation of microtubules in mitotic spindles and
therefore prevents cell division to finally be recognized
as a well-known anti-cancer agent (5, 7, 20-22). Here,
we have shown that both isolated and standard colchicine
lead to different expression levels of several genes that
have anti-cancer effects on human (MCF-7) and mouse
(4T1) breast cancer cells.

Apoptosis, asagene-controlled process, can be mediated
through two pathways: mitochondrial (intrinsic) pathway
or death receptor (extrinsic) pathway (23). More than
100 different genes have been identified to be involved in
cell survival. It is revealed that two families of caspases
and the BCL-2 gene directly involved in apoptosis (24).
The intrinsic pathway is initiated due to the release of
mitochondrial proteins, for instance cytochrome c, which
further binds to Apaf-1 and converts procaspase-9 to active
caspase-9, leading to activation of caspase-3 and finally
inducing apoptosis (25-27). It is well known that the
balance between replication and apoptosis is interrupted
in cancer cells, therefore apoptosis plays the key role in
inhibition of their growth and proliferation. Accordingly,
there is a reverse relationship between expression of the
apoptosis-related genes and cancerous process.

In this study, the expression levels of apoptosis-
related proteins including P53, Bax, Bcl-2, caspase-3
and caspase-9 activities were investigated to help us in
understanding the molecular mechanisms of colchicine’s
anticancer and apoptosis-inducing effects. The results



indicated a dose-dependent up-regulation of P53 and
Bax proteins, down-regulation of Bcl-2 and activation of
caspase-3 and -9 as well. These results are consistent with
the findings in other types of malignancies (28-31).

Several studies have demonstrated that apoptosis is
mainly regulated by the Bcl-2 family members; either
through activation of Bax or inhibition Bcl-2 (32). As it
is revealed, during apoptosis the levels of Bcl-2 family
proteins are significantly reduced while, the level of Bax
is increased remarkabley (33). Our results indicated that
colchicine-induced apoptosis relates to an augmented
level of Bax and down-regulated Bcl-2, which finally lead
to apoptosis of human and mouse breast cancer cells. In a
study by Gundamaraju et al. (34), the effect of colchicine
on the expression levels of BAX and BCL-2 genes was
evaluated in some mammalian cells. Their results showed
a significant increase in the BAX gene expression level,
while the BCL-2 gene expression was unaffected. In
our study, the level of BAX gene expression increased
significantly, while in some cases the expression level of
the BCL-2 gene was not affected. The balance between
BCL-2 (anti-apoptotic) and BAX (pro-apoptotic) is
the most critical parameter determining a cell’s fate in
response to extracellular stimuli.

This clearly suggests that increasing BAX/BCL-2
ratio might be the means by which colchicine induces
apoptosis. In many studies the apoptotic Mechanism of
action of colchicine of colchicine has been assessed on
neurons and liver cancer cells, but its exact mechanism of
action, especially in breast cancer, is still unclear. In this
study, the apoptotic features of colchicine are very similar
to the results from other studies. These data indicate
an increased expression level of Bax and p53 proteins,
decreased expression of Bcl-2, and activated caspases-3
and -9. Therefore, based on the evidence and despite
the lack of examination on the release of cytochrome ¢
from mitochondria, it can be suggested that colchicine
induces apoptosis in MCF-7 and 4T1 cells through the
mitochondrial pathway (intrinsic pathway).

There are many questions yet to be answered that will
require investigations beyond evaluating gene expressions.
It has been demonstrated that protein production level
is not quite in proportion to its MRNA level. Likewise,
mRNA level is not often an exact indicator of protein
expression, since they may contain multiple copies of one
or a certain number of proteins (35, 36). In this regard, our
results also showed that in our studied cell lines, there is
no definite relationship between mRNA level and protein
production of P53, BCL-2 and BAX genes. However, the
analysis of proteins involved in apoptosis clearly showed
that both types of colchicine induce apoptosis (through
increasing Bax and P53 and decreasing Bcl2 expressions)
and interestingly, isolated colchicine was found as
effective as the standard one.

Conclusions

In summary, we isolated colchicine from C. autumnale
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L. with physicochemical and biological characteristics
similar to standard colchicine. We showed that the
apoptotic effects of the isolated colchicine from C.
autumnale L. were as strong as the standard colchicine or
even better in some cases, due to the tropolone alkaloids
compounds. Further investigation is required to evaluate
this combination for therapy. Moreover, appropriate in
vivo (animal cancer models and then human) studies are
needed in order to uncover additional possible colchicine’s
mechanisms of action.
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Abstract

Objective: The aim of this study is to elucidate the role of PRDX1 in hepatocellular carcinoma using hepatoma
cells.

Materials and Methods: In this experimental study, we elucidated role of PRDX1, using hepatoma cell lines.

Results: PRDX1 was upregulated in different types of cancers, including lung adenocarcinoma, breast cancer and liver
cancer reported by several studies. nevertheless, mechanism of inducing liver cell death by PRDX1 remains largely
unknown. Here, we showed that PRDX1 expression is enhanced in different cell lines. Here, we used western blot,
guantitative real time polymerase chain reaction (QRT-PCR) and different biochemical assays to explore the role of
PRDX1. We observed that overexpression of PRDX1 significantly enhanced proliferation of hepatoma cell lines, while
knock-down of this gene showed significant inhibitory effects. We found that knock-down of PRDX1 activated cleaved
caspase-3, caspase-9 proteins and Poly [ADP-ribose] polymerase 1 (PARP-1), which further executed apoptotic
process, leading to cell death. We found that PRDX1 knock-down significantly produced mitochondrial fragmentation.
We showed that silencing PRDX1 led to the loss of B-cell ymphoma 2 (Bcl-2) and activated Bcl-2-like protein 11 (Bim)
which further induced Bax activation. Bax further released cytochrome c from mitochondria and induced apoptotic
proteins, suggesting a significant role of PRDX1 knock-down in apoptosis. Finally, we showed that knock-down of
PRDX1 significantly activated expression of Dynein-related protein 1 (Drp1), fission 1 (Fis1) and dynamin-2 (Dyn2)
suggesting a crucial role of PRDX1 in mitochondrial fragmentation and apoptosis conditions. This study highlighted an
important role of PRDX1 in regulating proliferation of hepatoma cells and thus future studies are required to validate its
effect on hepatcoytes.

Conclusion: We propose that future works on PRDX1 inhibitors may act as a therapeutic candidate for treatment of

liver cancer.
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Introduction

Human hepatcullar carcinoma (HCC) is one of the
most common types of liver cancer, which accounts for
more than 70% of total liver cancer. It is known for the
high mortality rate (>8%) worldwide. Peroxiredoxins
are a large family of antioxidant enzymes that play
an essential role in antioxidant defense and peroxide
detoxification. PRDX1 is a multifunctional protein
involved in cell growth, differentiation and apoptosis
(1). PRDX1 is reported in different types of cancer,
including lung adenocarcinoma, breast cancer, soft
tissue sarcomas (2), colorectal cancer and prostate
cancer. Most studies reported elevated level of PRDX1
in pathological conditions.

However, Fang et al. (3) showed the lower PRDX1
expression in HCC cells. PRDX1 is upregulated in
cervical cancers and enhanced proliferation, migration
and invasion by inhibiting apoptosis (4). Analysis of a
disease model represented higher PRDX1 expression
level in brain, while it is associated with toll like

receptor-4 (TLR-4) inflammation and apoptosis.
Several studies reported its expression in tumor tissues
of the liver (3). However, the cellular role of PRDX1
in hepatocellular carcinoma and mechanism of this
associaition with related protein remains unknown.
Caspases are essential proteins. They are activated
when cell death is required (5). Poly ADP-ribose
polymerase 1 (PARP-1) has multiple functions involved
in DNA repair, cell death and transcriptions of some
essential genes involved in inflammatory processes
(6). It is a well-known substrate of caspase proteins
(7). Caspase-3 cleaves PARP-1 upon activation and
therefore prevents PARP-1 from repairing the damage
(8). It has been demonstrated that overexpression of
human Mitochondrial fission 1 protein (hFis1) induced
apoptosis, which may suggest a role of mitochondrial
fission in apoptosis. Dynein-related protein 1 (DrP1)
expression is upregulated in HCC cells and involved
in autophagy (9).

Here, in this study, we elucidated role of PRDX1
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in hepatocellular carcinoma using hepatoma cells.
The role of PRDX1 on hepatocytes cells was poorly
known. We We reported for the first time that the
mechanism by which PRDX1 acts on HCC cells via
B-cell lymphoma 2 (Bcl-2).

Materials and Methods
RNA sequencing database

In this experimental study, the RNA sequencing
data from more than 350 patients of liver cancer were
obtained from TCGA database. The expression of
PRDX1 mRNA were analyzed using the database. The
Kaplan-Meier and Cox regression survival analysis
was performed to see the relationship between PRDX1
levels and patient survival.

Cell culture

HCC cells were obtained from ATCC (Virginia, USA).
Cell culture media and supplements were purchased
from Gibco (Sigma, USA). HCC cells were cultured
in DMEM high glucose medium supplemented with
2 mM glutamine, 100 units/ml penicillin (both from
Gibco, USA), 10 % fetal calf serum (ThermoFisher,
USA) and 100 1g/ml, streptomycin (Gibco, USA). Cells
were grown at 37°C in the presence of 5% CO,. Cells
were grown for 2-3 days. Following the confluency,
the cells were proceeded for analysis of mRNA or
protein expressions.

Quantitative reverse trasncription polymerase chain
reaction

Extraction of total RNA was done by Trizol reagent
(Ambion, USA). Synthesis of cDNA was done by
RevertAid cDNA Synthesis Kit (Thermo Fisher
Scientific, USA) for that 1 pg of total RNA of each
sample was used. The cDNA samples were kept at
-20°C for quantitative reverse transcriptipn PCR
(gRT-PCR). The SYBR green dye (Invitrogen, USA)
was used to bind to double stranded DNA and emit
green light (Amax=520 nm), in terms of quantifying
cDNA. For qRT-PCR, the master mix was used as the
manufacturer’s instruction. Specific primers of PRDX1
and GAPDH were used (Table 1). Data was acquired
and analyzed using comparative CT method.

Table 1: Primer information

Gene name Primer sequence (5"-3")
PRDX1 F: GCACCATTGCTCAGGATTATG

R: GCCAACAGGGAGGTCATTTAC
GAPDH F: GGTGTGAACCATGAGAAGTATGA

R: GAGTCCTTCCACGATACCAAG
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Cells transfection

The PRDX1-siRNA are 5’"GCACCAUUGCUCAG-
GAUUATT3" which was synthesized by GenePharma
(Shanghai, China). HepG2 Cells were seeded and
transfected using Lipofectamine 2000 reagent (Invi-
trogen, USA) following manufacturer’s instructions.
3x10%cells were seeded and allowed to 70-90% con-
fluency. Transfection mixture was prepared with 50
ng, 25 ul DNA dilution and 25 ul opti-MEM (Gibco,
USA) dilution. Mixing Lipofectamine 2000 diluent
and DNA diluent was performed in a centrifuge tube
with a capacity of 1.5 ml, followed by 15 minutes in-
cuabation in hood. Optimum medium was removed
and DNA/lipofectamine 2000 mixture was gently add-
ed dropwise into cells.

Western blotting

Lysis buffer (200 ul/well) was used to lyse HepG2
cells. Lysis buffer was composed of Triton X-100
(1%), Tris (50 mM, pH=7.6) and NaCl (150 mM),
with inhibitors of phosphatases and proteases. sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE, 7.5%) was used to separate 40 pg of
the total extracted protein. Then Western blotting
was done as demonstrated by Moeschel et al. (10).
Following the application of antibodies for western
blotting anti-PRDX1 (ab109498), anti-beta actin
(ab115777), anti caspase-3 (ab13847 and ab32042),
anti-cleave caspase-9 (ab202068 and ab25758),
anti-PARP-1 (ab191217), anti-Bim (ab7888), anti-
Fisl (ab189846), anti-APaf-1 (ab254248), anti-
cytochrome c¢ (ab133504), anti-Bcl-2 (ab182858),
anti-Bax (ab3191), anti-DRP1 (ab184247) and anti-
Dyn2 (ab65556; all purchased from AbCam, UK).
Nitrocellulose was blocked using skimmed milk
(5%) or BSA (2%, both from Merck, Germany) for
two hours. Subsequently, membranes were incubated
with primary antibodies at 4°C overnight. Before
incubation with secondary antibody, washing was
performed (four times for 10 minutes), followed by
appropriate conjugated secondary incubation for one
hour. For visualizing expression level of proteins,
enhanced chemiluminescence was performed.

Cell counting assay

For detecting proliferation, the number of living cells
was determined with CCK-8 kit (ab228554, AbCam,
UK), according to the manufacturer’s instructions. In 96-
well plate HepG2 cells were cultivated (five thousands
cells in each well). In the incubator, the cells were seeded
for 24, 48 and 72 hours. After that, four hours incubation
was performed on the cells containing CCK-8 reagent (10
ul). Lastly, optical density was determined at wave length
of 450 nm.

Annexin V-FITC-PI staining analysis
HepG2 Cells were stained with Annexin V-FITC/PI



(ab14085, AbCam, UK), following the manufacturer’s
guidelines. Firstly HCC cells were harvested via
trypsinization, then washed with PBS buffer.
Centrifugation was done and pellet was collected. The
cells were re-suspended with binding buffer. Incubation
was performed with annexin V-FITC and propidine
iodide (PI) for 10 minutes on ice in dark environment.
For detection of apoptotic cells flow cytometry was
performed. Binding buffer (150 ul) was added to the
sample tubes before analysis on flow cytometry. Data
was generated on FACS (Becton Dickinson, USA). Then
Cell-Quest software (Becton Dickinson) was used for
analyzing or processing the given data.

Clone formation assay

Clone forming assay is an in vitro assay which enable
single cell to form a colony. Suspension of single cell was
made by digesting cells in culture media with (0.25%) or
EDTA (0.02%) during logarithm stage. HepG2 Cells were
counted via counting chamber in 10 pl suspension using
inverted microscope and equal amount of cells were plated
in 6-well culture plate. Each well was covered by sterile
cover slips. Until formation of colonies, medium was
changed every four days. After fixation of colonies with
methanol, staining was performed by using crystal violet
(1%). Differences in colony formation was observed in
the all groups.

Confocal microscopy

MitoTracker red staining was used to analyze
mitochondrial filamentous morphology of cells.
MitoTracker probes was diluted to 1 mM by adding
DMSO. Staining procedure with MitoTracker Red
(M22425) and CMXRos (E-max 599 nm; both from
ThermoFisher) was performed as described earlier by
Harwig et al. (11). Fifty nM MitoTracker™ was used
for cells and incubated for 30 minutes at 37°C and. The
cells were next washed with FluoroBrite DMEM medium
(Gibco, USA), supplemented with 10% fetal cow serum
(FCS). Additionally, HepG2 cells were stained with
DAPI targeting DNA in nucleus. After staining, the cells
were observed undrer confocal microscope.

Statistical analysis

All experiments were performed three times.
Represented data were analyzed by using GraphPad
Prism (Graphpad software, Inc., San Diego, CA).
Multiple groups differences were analyzed using one-
way ANOVA. P<0.05 was considered to be statistically
significant.

Results

PRDX1 is upregulated in liver cancers cells

Given the role of PRDX1 as an antioxidant system and
regulating oxidation reductions, its expression level is
critical. Higher-level expression was reported by several
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studies in different malignancies, including lung (12),
cervical (13), prostate (14) and liver cancers (4). However,
limited studies reported PRDX1 expression in human
specimens. Significant difference in PRDX1 expression
using TCGA public database was observed, we found
that transcripts of PRDX1 had a significant differences
between cancerous and paracancerous tissues of liver
cancer patients (Fig.1A). PRDX1 mRNA expression was
found to have a higher expression of 1.3 fold in cancerous
tissues compared to control (15). PRDX1 transcript
and protein expression levels were significantly higher
in different cancerous cell lines (HepG2, Huh-7, Hep-
3B) compared to control cells (Fig.1B-D), which are
consistent with the other studies. The highest PRDX1
mRNA and protein level were found in HepG2 cells with
3-fold higher expression compared to control.

PRDX1 knock-down induced apoptosis in hepatoma
cells

Based on the higher expression of PRDX1 in most
of the cancerous tissues and cells, we were interested
to see its cellular role. We overexpressed the PRDX1
construct in HCC cells and tested the efficiency of
transfection. We found almost 3-fold higher mRNA
and protein expression of PRDX1 using hepatoma
cells, while using siRNA against PRDX1 (si-PRDX1)
significantly inhibited its expression (Fig.2A, 2B).
Figure 2C shows relative expression level of PRDX1,
in the presence of si-RNA. Cell counting kit-8 (CCK-
8) is a widely used colorimetric-based assay used to
measure cells viability. We wanted to test the effect
of PRDX1 on HCC cell proliferations. We found
that knock-down of PRDXI1 significantly decreased
half maximal inhibitory concentration (IC,)) value of
HCC cells, suggesting that Knock-down of PRDX1
possesses great anti-tumor activity (Fig.2D). This was
further confirmed by clonal formation assay, which
was used to assess effect of PRDX1 expression on the
proliferation of hepatoma cells. PRDX1 overexpression
significantly enhanced proliferation of hepatoma cells
(Fig.2E, middle panel) compared to control cells,
while knock-down of PRDXI1 showed significant
inhibitory effects and reduced cell proliferations.
Next, we were interested to see its effect on caspase
proteins. Interestingly, we found that knock-down of
PRDX1 induced cell death via activation of cleaved
and active caspase-3 and caspase-9, which further
executed an apoptotic process, leading to cell death
and inhibited proliferation of hepatoma cells (Fig.2F,
G). As overexpression of PRDX1 played a role in
cellular proliferation, it regulated PARP-1 to inhibit
apoptosis, while knock-down of PRDXI1 greatly
increased PARP-1 expression, suggesting depletion of
NAD~ levels, thereby induced cellular death (Fig.2G).
Figure 2H represents statistical analysis of western
blot protein. These results suggested that PRDX1
knock-down inhibited cell proliferation and induced
cell death via activation of caspase proteins.
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A B C D

Fig.1: Expression of peroxiredoxin 1 (PRDX1) in different cell lines of liver cancers. A. Box diagram of PRDX1 expression, with significant difference between
cancerous and paracancerous tissues of liver cancer patients. B. PRDX1 mRNA expression was significantly higher in cancerous cells. C. Western blot
results showed an increased expression of PRDX1 protein in cancerous cells, with the highest expression level observed in hepatoma (HepG2) cells. D.
Quantifications of protein levels. The experiment was repeated three times. Data represent mean + SEM. *; P<0.05, **; P<0.01, and ***; P<0.001.

Fig.2: PRDX1 knock-down induced cell death via apoptosis in HCC cells. A. Significant increase of PRDX1 mRNA expression level when overexpressed in
hepatoma cells. B. Western blot showed that PRDX1 overexpression enhanced expression level of PRDX1, while knock-down of this gene substantially
reduced the expression. C. Quantification of the protein levels. D. CCK-8 assay showed a significant reduction in the IC, value of hepatoma cells. E. Clonal
formation assay demonstrated effect of PRDX1 expression on the proliferation of hepatoma cells. Knock-down PRDX1 showed a significant inhibitory
effect on cells proliferation. F. Quantification of the number of colonies. G. Western results showed the effect of knock-down of PRDX1 protein on caspase
proteins in hepatoma cells. H. Quantification of the protein levels. The experiment was repeated three times. Data represent mean + SEM. **; P<0.01,
and ***; pP<0.001.
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PRDX1 knock-down
activation

induced apoptosis via Bax

PRDX1 mediated apoptosis in hepatoma cells was
unknown. We wanted to explore effect of PRDXI1 in
hepatoma cells. We found that PRDX1 overexpression
significantly increased Bcl-2 expression, while knock-
down of this gene showed a significant reduction of Bc¢l-
2 and enhanced Bax expression (Fig.3A), suggesting an
apoptotic condition. Mitochondrial function is essential
which is required for normal cellular metabolism.
Mitochondrial fragmentation is associated with increased
fission (16). Next, we assessed mitochondrial morphology
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using mitotracker, whether or not PRDXI1 regulate
mitochondrial morphology. We found that PRDXI
kncok-down significantly produced mitochondrial
fragmentation (Fig.3B). All of these cellular events are
closely associated with each other. These results indicated
that higher expression of Bax may induce apoptosis via
dysregulating mitochondrial membrane potenital and
induced fragmentation. While increased mitochondrial
fragmentation and expression of Bax suggested a
favorable condition of cellular death. Taken together,
these results implied that PRDX1 played a crucial role in
inducing cell death of hepatoma cells via regulating Bcl-2
and Bax (Fig.3A).

Fig.3: PRDX1 knock-down reduced mitochondrial transmembrane potential in HCC cells. A. Western blot results depicted that PRDX1 knock-down
substantially reduced expression of Bcl-2 and increased Bax expression. The lower bottom showed quantifications of protein levels. B. Mitotracker
red assay was used to see the effect of si-PRDX1 expression on mitochondrial morphology of hepatoma cells. PRDX1 knock-down induced significantly
increased filamentous mitochondrial morphology, assessed by fluorescent intensity. Representative graphs show quantifications. The experiment was
repeated three times. Data represent mean + SEM. **; P<0.01, and ***; P<0.001.
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PRDX1 knock-down induces apoptosis via activation
of mitochondrial fission

Next, we assessed expression level of proteins which
are crucial for mitochondrial fission, whether or not
accumulation of these proteins regulate mitochondrial
fragmentation (Fig.3B). We found that silencing
PRDX1 greatly enhanced expression of Drpl, Fisl
and Dyn2 proteins, reflecting the abnormal function
of mitochondria and initiation of apoptosis process.
Inhibition of GTPase activity of Drpl by dominant-
negative protein (Drp1K38A) has been shown to delay
cell death (17). They demonstrated that overexpression
of hFisl induced apoptosis, suggesting a role of
mitochondrial fission in apoptosis. Next, to investigate
effect of PRDX1 knock-down on mitochondrial fission
machinery, we found that expression of Drp1, Fisl and
Dyn2 were significantly activated (Fig.4A), proposing
mitochondrial fragmentation and apoptosis conditions.

These results suggested that PRDX1 knock-down had
a significant role in regulating critical molecules of
mitochondrial fission and apoptosis.

Reduction of Bcl-2 in PRDX1 knocked-down cells
(Fig.3B) reflected release of cytochrome c, followed
by activation of downstream caspase signaling.
Therefore, we checked expression of cytochrome
¢, Apaf-1 and BH3-only proteins (Bim) to confirm
its correlation with PRDX1 knock-down (Fig.4B).
Silencing PRDX1 led to the loss of Bcl-2 and activated
Bim protein, which further induced Bax protein
activation. Bax further released cytochrome ¢ from
mitochondria for the induction of apoptotic proteins.
Taken together, these data suggested that knock-
down of PRDX1 facilitated mitochondrial fission and
activated caspase proteins, i.e. release of cytochrome
¢, Bim and Apaf-1, to induce death of hepatoma cells.

Fig.4: Effect of PRDX1 knock-down on apoptosis and mitochondrial fission machinery of HCC cells. A. Western results showed that knock-down of PRDX1
significantly enhanced expression of Drpl, Fisl and Dyn2 in hepatoma cells. B. Images and graphs showed that overexpression of PRDX1 decreased
apoptotic proteins (Bim, cytochrome C and Apaf-1) expression level, while knock-down of this gene significantly enhanced expression of caspase proteins.
The right panel shows quantifications of protein levels. The experiment was repeated three times. Data represent mean + SEM. **; P<0.01, and ***;

P<0.001.
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Discussion

In this study, we explored effect of silencing PRDX1
in hepatoma cells. Several studies showed that PRDX1 is
upregulated in different types of cancer, including lung
adenocarcinoma (19, 20), soft tissue sarcoma (2) and
prostate cancer (14, 21). However, cellular role of PRDX1
in liver cells remains to be understood. Sun et al. analyzed
RNA sequences from the TCGA database and reported
that PRDX1 mRNA expression level was increased 1.3
fold in the malignant compared to the control tissues (15).
We tested PRDX1 expression and found an increased
expression of PRDX1 in different HCC cell lines, which is
in line with the other studies and suggested a vital role in
cellular proliferation. We found relatively higher PRDX1
mRNA and protein expression levels in HepG2 cells.

There are studies which reported role of PRDX1 in
cellular proliferation. Gong et al. (22) demonstrated that
PRDX1 regulated proliferation of esophageal squamous
cell carcinoma. Lu et al. (4) reported upregulation level
of PRDX1 in cervical cancer and found that PRDX1
enhanced proliferation, migration and invasion by
inhibiting apoptosis. Next, we were interested to explore
association between PRDX1 and hepatoma cells. We
found that knock-down of PRDX1 significantly decreased
the IC50 value of hepatoma cells, suggesting that knock-
down of PRDX1 possessed great anti-tumor activity. We
assessed proliferation effect by clonal formation assay
and found that PRDX1 overexpression significantly
enhanced proliferation of the hepatoma compared to
control cells, while knock-down of this gene showed
significant inhibitory effects and reduced proliferation of
cells, suggesting an important role of PRDX1 silencing
in hepatoma cells. Next, we were interested to explore
molecular mechanism of cell death. We asked question
whether silencing PRDX1 is associated with caspase
activation? We found that knock-down of PRDX1 induced
cell death via activation of active and cleaved caspase-3
and caspase-9 proteins, which further executed apoptotic
process, leading to cell death.

PARP-1 has multiple functions, involved in DNA
repair, cell death and transcriptions of some essential
genes involved in inflammatory processes (6). It is a well-
known substrate of caspase proteins (7, 23). Caspase-3
cleaves PARP-1 upon activation and prevents PARP-1
from repairing the damage (8, 24). Our results showed that
knock-down of PRDX1 increased PARP-1 expression,
suggesting depletion of NAD* levels, thereby induced
cellular death.

Bcl-2, as an essential protein, is a member of the Bcl-
2 family, which act as a negative regulator of apoptosis.
Moreover, Bcl-2 has shown to be protective and Bax
up-regulation has pro-apoptotic role (25, 26). Several
evidences reported that Bcl-2 regulate cytochrome c¢
and therefore prevented activation of apoptotic genes
(27, 28). Overactivation of Bcl-2 inhibited release of
cytochrome ¢ and initiation of apoptosis (29). Lu et al.
(4) found that PRDX1 overexpression increased Bcl-2
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expression, while down-regulated Bax expression. This
is in line with our findings, representing that PRDX1
overexpression significantly increased Bcl-2 expression,
while knock-down of this gene showed a significant
reduction of Bcl-2 and enhanced Bax expression in
hepatoma cells, suggesting a vital role of PRDX1 knock-
down in cancerous cells. Once cytochrome is released
in the cytosol, cytosolic cytochrome c further mediates
apoptosis-protease activating factor 1 (Apaf-1) to induce
activation of the other caspase proteins (30). Researchers
reported the role of Bax protein in facilitating release
of cytochrome ¢ from mitochondria to induce apoptosis
process (31, 32). While, the other studies demonstrated
that Bim protein directly activated Bax protein. This
may suggest that BIM protein plays an indirect role
by antagonizing Bcl-2 proteins, thereby allowing Bax
activation to proceed (33, 34). In our study, we found that
silencing PRDX1 led to the loss of B¢l-2 and activated Bim
protein which further induced activation of Bax protein.
We showed that Bax further released cytochrome ¢ from
mitochondria to induce apoptotic proteins, suggesting
a significant role of PRDX1 knock-down in apoptosis.
Researchers reported the role of PRDX1 and found that
overexpression of PRDX1 enhanced Bcl-2 expression,
while at the same time down-regulated Bax expression
(4). Our findings showed that PRDX1 overexpression
significantly increased Bcl-2 expression, while knock-
down of this gene enhanced Bax expression in hepatoma
cells. This is consistent with studies previously reported
in different cell lines.

Next, we asked question whether PRDX1 has any role
in regulating mitochondrial fission proteins of HCC cells.
Drpl, Fisl and Dyn2 played a role as fission mediators
(35). The mitochondrial fission machinery played a vital
role in mitochondrial function. Disruption in fission
machinery led to the abnormal division of mitochondrial
membrane. It was required to produced new mitochondria
and maintained quality control of mitochondria (36).
Lee et al. (37) found that down-regulation of Drpl and
Fisl inhibited apoptosis. While in another study, James
et al. showed that overexpression of hFisl may induce
apoptosis, suggesting a possible role of mitochondrial
fission in apoptosis in yeast cells (18). There are other
studies demonstrating the role of Drpl and Fisl. Thus,
they have been shown to inhibit mitochondrial fission
and prevent apoptosis (38). In our findings, we analyzed
that PRDX1 knock-down significantly activated
mitochondrial fission proteins (Drpl, Fisl and Dyn2),
which may suggest its role in inducing apoptosis. We also
showed that mitochondrial fission, induced by silencing
PRDXZ1, resulted in mitochondrial fragmentation. These
results suggested a significant role of silencing PRDX1
on mitochondrial fragmentation and fission associated
proteins, thereby leading to apoptosis conditions.

Conclusion

Alittle attention has been given to study effect of PRDX1
on live cancer via inhibiting mitochondrial apoptosis
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pathway. We reported that PRDX1 acted via Bcl-2 to inhibit
cell death and apoptosis in hepatoma cells. Furthermore,
silencing PRDX1 simulated apoptosis pathways by activating
Bax protein, which facilitated release of cytochrome ¢ from
the mitochondria followed by activation of the other related
apoptotic proteins to induce cell death. Future studies
targeting PRDX1 inhibitors are required, which may act as a
therapeutic candidate for the treatment of liver cancer.
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Abstract
Objective: Reportedly, long non-coding RNA (IncRNA) cancer susceptibility candidate 2 (CASC?2) is involved in
regulating colorectal cancer (CRC) progression. However, the function and detailed downstream mechanism of CASC2
in CRC progression are not fully elucidated. The aim of the study was to investigate the potential function and molecular
mechanism of CASC2 in CRC progression.

Materials and Methods: In this experimental study, quantitative real-time polymerase chain reaction (QRT-PCR) was
adopted to probe CASC2, microRNA-18a-5p (miR-18a-5p) and B cell translocation gene 3 (BTG3) mRNA expression
in CRC tissues and cell lines. After CASC2 was overexpressed in Colo-678 and HCT116 cell lines, methylthiazol
tetrazolium (MTT) and 5-bromo-2’-deoxyuridine (BrdU) assays were employed to examine the proliferation of CRC cells.
Transwell migration and invasion assays were executed to evaluate the metastatic potential of CRC cells. The targeting
relationships among CASC2, miR-18a-5p and BTG3 were validated by dual luciferase reporter gene assay. Western
blot assay was applied to examine the regulatory effects of CASC2 and miR-18a-5p on BTG3 protein expression.

Results: CASC2 was decreased in CRC tissues and cell lines, and its low expression in CRC tissues was associated
with larger tumor size and lymph node metastasis. CASC2 overexpression restrained proliferative, migrative and
invasive capabilities of CRC cells. CASC2 could function as a molecular sponge for miR-18a-5p and repress the
expression of miR-18a-5p. Furthermore, the inhibitory effects of CASC2 on the malignant phenotypes of CRC cells was
counteracted by miR-18a-5p mimics. Additionally, CASC2 could positively regulate BTG3 expression via suppressing

miR-18a-5p.

Conclusion: CASC2 inhibits CRC development by suppressing miR-18a-5p and raising BTG3 expression.
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Introduction

Colorectal cancer (CRC) brings about a huge health
burden globally (1). In 2020, there were approximately
147,950 new cases of CRC and 53,200 deaths from CRC
worldwide (2). In China, the incidence of CRC is on
the rise (3). Currently, colonoscopy is the most reliable
screening method for CRC screening, but it has high
economic and physical burdens (4). In addition, relapse
after the surgery, distant metastasis and chemoresistance
contribute to the adverse prognosis of CRC patients
(5). It is therefore pivotal to decipher the mechanism of
CRC progression to identify potential therapy targets for
treating CRC.

Long non-coding RNA (IncRNA) exceeding 200nt, is
vital in imprinting, epigenetic regulation, transcription
and translation regulation (6). Through modulating
gene expression and the function of proteins, IncRNAs
participate in regulating diverse biological processes
(7). In these years, some IncRNAs emerge as either
oncogenes or tumor suppressors in diverse cancers (8, 9).
Notably, the expression of IncRNA cancer susceptibility
candidate 2 (CASC?2) is reduced in pancreatic cancer and

oral squamous cell carcinoma (10, 11). Importantly, it is
reported that CASC2 can play a tumor suppressive role
in CRC through sponging miR-18a (12). However, the
mechanism of action of CASC2 in CRC still awaits more
investigation.

As reported, IncRNA can serve as a competing
endogenous RNA (ceRNA) to regulate targeted gene
expression via sponging microRNA (miRNA) (13).
Besides, miRNA dysregulation is a feature of CRC (14,
15). However, the IncRNA-miRNA network in CRC is
still partly covered and requires further research. MiR-
18a-5p has been confirmed to be a promoter in many
cancers including CRC (16). However, the interaction
mechanism between CASC2 and miR-18a-5p in CRC has
not been clarified.

B cell translocation gene 3 (BTG3) belongs to B-cell
translocation gene / Transducer of ERBB2 (BTG/TOB)
family. BTG3 is a crucial participant in regulating cell
proliferation, differentiation and apoptosis (17, 18). It
has been reported that BTG3 overexpression suppresses
the malignancy of CRC cells through regulating Wnt/p-
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catenin signaling (19). But the hidden role and mechanism
of BTG3 relevant to the progression of CRC are
inconclusive. Here we focused on the role and mechanism
of CASC2 in CRC. We investigated the regulatory effects
of the CASC2/miR-18a-5p/BTG3 axis on the proliferative,
migrative and invasive abilities of CRC cells.

Materials and Methods
Tissue samples

In this experimental study, this work was endorsed
by the Suzhou Science and Technology Town Hospital
of Nanjing Medical University’s Ethics Committee
(20190712-006) and all experiments were performed
according to “Declaration of Helsinki”. Specifically, all
subjects provided written informed consent. 65 pairs of
cancerous tissues and adjacent non-cancerous tissues
were available from CRC patients in the Suzhou Science
and Technology Town Hospital of Nanjing Medical
University. All samples were kept in liquid nitrogen
immediately at -196°C after the surgery.

Cell culture and transfection

In this experimental study, the Type Culture Collection
of Chinese Academy of Sciences (Shanghai, China) was
the supplier of CRC cell lines HCT116, SW620, LoVo.
Colo-678 cells were provided by Honsun Biological
Technology Co., Ltd. (Shanghai, China). Normal human
colorectal mucosal cell line FHC was acquired from
American Type Culture Collection (ATCC). Notably,
cells were cultured in RPMI-1640 medium (Gibco, Grand
Island, NY, USA) with 10% fetal bovine serum (FBS,
Invitrogen, Shanghai, China), 100 U/mL penicillin, and
100 pg/mL streptomycin (Invitrogen, Carlsbad, CA, USA)
in 5% CO, at 37°C. MiR-18a-5p mimics (miR-18a-5p),
and the mimics negative control (miR-NC) were available
from GenePharma (Shanghai, China). CASC2 sequences
with full length were inserted into pcDNA3.0 plasmid
to construct CASC2 overexpression plasmid. Empty
pcDNA3.0 vector was adopted as negative control (NC).
Lipofectamine™ 3000 (Invitrogen, Carlsbad, CA, USA)
was employed for transfections as protocols.

Quantitative real-time polymerase chain reaction

Total RNA of tissues and cells isolated by TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) were reversely
transcribed into complementary DNA (cDNA) by a
PrimeScript™ RT Reagent kit (Invitrogen, Carlsbad, CA,
USA). Next, qRT-PCR was conducted with SYBR"Premix-
Ex-Taq™ (Takara, Tokyo, Japan) on the ABI PRISM
7000 Fluorescent Quantitative PCR System. The data
were analyzed with 222t method, with Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and U6 as the
endogenous references. The sequences of the primers are:

CASC2-

F: 5"-GCACATTGGACGGTGTTTCC-3'
R: 5"-CCCAGTCCTTCACAGGTCAC-3'
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miR-18a-5p-

F: 5'-TCCGAGATAGACGTGATCTA-3’
R: 5'-GTGCAGGGTCCGAGGT-3'

BTG3-

F: 5"-ATGAAGAAAATGAAATTGCTG-3’
R: 5"-TTAGTGAGGTGCTAACATGTG-3’

GAPDH-

F: 5'-GTCAACGGATTTGGTCGTATTG-3’
R: 5'-CCGTTCTCAGCCATGTAGTT-3'

uU6-

F: 5'-CTCGCTTCGGCAGCACA-3’
R: 5'- AACGCTTCACGA ATTTGCGT-3'

Subcellular fractionation analysis

Cytoplasmic and nuclear RNA were isolated and
extracted from Colo-678 and HCTI116 cells by the
Cytoplasmic and Nuclear RNA Purification Kit (Norgen,
Belmont, CA, USA). Then, the expression of CASC2
in the cytoplasm and nucleus of Colo-678 and HCT116
cells was investigated by qRT-PCR, with GAPDH as a
cytoplasmic control and U6 as a nuclear control.

Methylthiazol tetrazolium (MTT) assay

Transfected Colo-678 and HCT116 cells were
inoculated into 96-well plates (3x10° cells/well). The
cells were cultured for different times. At different time
points, 20 uL of MTT solution (5 mg/mL, Sigma-Aldrich,
St. Louis, MO, USA) was dripped into each well, and then
the cells were incubated for 4 hours at room temperature.
Next, the medium was discarded, and 150 pL of DMSO
(Sigma-Aldrich, St. Louis, MO, USA) was loaded into
each well to dissolve the formazan. Finally, a microplate
reader (Bio-Rad Laboratories, Hercules, CA, USA) was
used for measuring the absorbance of the cells at 570 nm.

5-bromo-2’-deoxyuridine (BrdU) assay

The viability of transfected cells was examined by a
BrdU incorporation assay kit (WuHan AmyJet Scientific
Inc. Wuhan, China). Briefly, Colo-678 and HCT116
cells in different groups were respectively plated into a
96-well plate (1x10° cells/well). Next, 10 pL of BrdU
solution was loaded into each well. Subsequently, 4%
paraformaldehyde was added into each well to fix the
cells. After the DNA was denatured, anti-BrdU antibody
(Abcam, Cambridge, UK) was loaded into each well
and cells were subsequently incubated at 4°C overnight.
Cells were thoroughly washed by phosphate buffered
solution (PBS), and cell nuclei were counterstained by
Hoechst 33258 staining solution (Beyotime Institute of
Biotechnology, Haimen, China) at ambient temperature
for 30 minutes. Immersed in PBS again, cells were
accordingly observed under a fluorescent microscope
(Olympus BX51, Tokyo, Japan). The number of cells was
counted using Image J. The percentage of BrdU positive



cells = the number of red fluorescent cells/the number of
blue fluorescent cells x 100%.

Transwell assay

Transwell assays were accomplished with Transwell
chambers (pore size: 8 pm; Corning, NY, USA). In the
invasion assay, the filter was specifically covered with a
layer of Matrigel (30 pg/well; BD, San Jose, CA, USA);
in the migration assay, Matrigel was not used. For each
well, 1x10° cells suspended in serum-free medium
was loaded into the upper chamber, with 700 uL of
medium containing 20% FBS in the lower chamber as a
chemoattractant. Next, cells were cultured for 36 hours,
and then cells on the upper surface of the filter were wiped
off, and those on the lower were subsequently fixed with
ethanol and stained with 0.2% crystal violet solution.
Subsequently, the cells were meticulously observed and
photographed under an inverted microscope (Nikon
TE2000-S, Tokyo, Japan). Specifically, the number of
stained cells after migration or invasion was counted with
the Image J software.

Dual-luciferase reporter gene assay

Through StarBase software, we found putative binding
sites between miR-18a-5p and CASC2 or BTG2. Also,
bioinformatics analysis predicted a binding site between
miR-18a-5p and CASC2. Then the wild type (WT) and
mutant type (MUT) predicted binding sequences of CASC2
were subsequently synthesized and cloned into pmirGLO
vector (Promega, Madison, WI, USA) to construct
CASC2-WT and CASC2-MUT reporter plasmids. Next,
the CRC cells were co-transfected with CASC2-WT
or CASC2-MUT and miR-18a-5p or miR-NC. 48 hours
later, the relative luciferase activity of the cells in each
group was examined by the dual-luciferase assay system
(Promega). The targeting relationship between miR-18a-
5p and BTG3 was validated in the same way.

RNA immunoprecipitation assay

RNA  immunoprecipitation (RIP) assay was
accomplished employing the Magna RIP RNA-binding
protein immunoprecipitation kit (Millipore, Billerica,
MA, USA). Colo-678 and HCT116 cells (2x107 cells/
mL) were collected and subsequently lysed in RIPA
buffer containing a protease inhibitor cocktail and RNase
inhibitor. Notably, cell lysates were specifically incubated
with magnetic beads containing immunoglobin G antibody
(IgG, ab172730, Abcam, Cambridge, UK) or argonaute-2
antibody (Ago2, ab186733, Abcam, Cambridge, UK)
at 4°C overnight. The samples were accordingly
incubated with proteinase K along with shaking at 55°C.
Subsequently, the immunoprecipitated RNA was isolated.
Ultimately, the enrichment of CASC2 and miR-18a-5p
was probed by qRT-PCR. Specifically, the group without
antibody was the positive control (Input), the group with
IgG antibody was the negative control (anti-IgG), and
the group with Ago2 antibody was the experimental one
(anti-Ago2).
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Western blot

CRC cells harvested were lysed in RIPA lysis buffer
(Pierce, Rockford, IL, USA) on ice for 30 minutes to
extract the total protein. Notably, the total protein in
each sample was respectively quantified by a BCA
Protein Assay Kit (Beyotime Institute of Biotechnology,
Haimen, China). Then the protein samples were subjected
to 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and transferred to polyvinylidene fluoride
(PVDF) membranes (Millipore), which was blocked with
5% skimmed milk for 2 hours at 37°C and incubated with
primary antibodies against BTG3 (1:1000, ab197399,
Abcam, Cambridge, UK) or GAPDH (1:1000, ab181602,
Abcam) overnight at 4°C. Next, the membranes were
rinsed three times with Tris-buffered saline containing
Tween-20 (TBST) and subsequently incubated with
horseradish peroxidase (HRP)-conjugated secondary
antibody for 1 hours at ambient temperature. At last, the
enhanced chemiluminescence kit (Amersham Pharmacia
Biotech, Little Chalfont, UK) was adopted for observing
the protein band. GAPDH was utilized as the endogenous
reference.

Statistical analysis

The analysis was fulfilled by SPSS 17.0 statistical
software (SPSS Inc., Chicago, IL, USA). Each
experiment was independently replicated 3 times, with
data expressed as mean * standard deviation (SD). The
Kolmogorov-Smirnov test was used to the for normality
and equal variance of the data. For data that were skewed
distributed, comparisons between two groups were
performed by the Mann-Whitney test. For normally
distributed data, comparisons between two groups, among
multiple groups were respectively accomplished by t
test and one-way analysis of variance. Overall survival
analysis was operated with Kaplan-Meier plots and log
rank tests. Pearson’s correlation analysis was wielded to
delve into the relationships among CASC2, miR-18a-5p
and BTG3 mRNA. Chi-square (32) test was executed to
analyze the relations between CASC2 expressions and
the clinicopathological features of CRC patients. P<0.05
denoted meaningful difference.

Results

CASC2 expression characteristics in CRC and its
clinical significance

In the beginning, we evaluated CASC2 expression
characteristics in cancer tissues and tissues adjacent
to cancer from 65 patients with CRC by qRT-PCR. As
against normal tissues, CASC2 expression in CRC tissues
was remarkably down-regulated (Fig.1A). qRT-PCR was
also employed to detect CASC2 expressions in human
normal colon epithelial cell line (FHC cells) and 4 human
CRC cell lines (Colo-678, HCT116, SW620, and LoVo
cells). It was found that compared with FHC cells, CASC2
expression in all 4 CRC cell lines was down-regulated
(Fig.1B). Subsequently, we analyzed the subcellular
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distribution of CASC2 and observed that CASC2 was
mainly located in the cytoplasm of CRC cells (Fig.1C).
Chi-square test was used to analyze the relations between
CASC2 expressions and the clinicopathological indicators
of CRC patients, and the results highlighted that CASC2
low expression was in close association with the larger

tumor size and lymph node metastasis of the patients
(Table 1). Besides, Kaplan-Meier analysis indicated
that low expression of CASC2 was associated with
poor overall survival of CRC patients (Fig.1D). These
findings implied that CASC2 could probably participate
in repressing tumor progression in CRC.

Table 1: Correlations between CASC2 expression and multiple clinicopathological characteristics in colorectal cancer patients

Characteristics Number (n=65) CASC2 expression x2 P value
Low (n=33) High (n=32)

Age (Y) 0.7753 0.3785
<60 35 16 19
>60 30 17 13

Gender 0.1641 0.6854
Male 39 19 20
Female 26 14 12

Tumor grade 0.1269 0.7216
I~ 27 13 14
~1v 38 20 18

Tumor size (cm) 6.9350 0.0085™
<5 26 8 18
>5 39 25 14

Smoking history 0.7392 0.3899
Yes 38 21 17
No 27 12 15

Lymph node metastasis 4.5241 0.0334"
Present 39 24 15
Absent 26 9 17

Differentiation 3.4529 0.0631
Well/moderate 29 11 18
Poor 36 22 14

*, P<0.05 and **; P<0.01.
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Fig.1: CASC2 was down-regulated in CRC tissues and cells. A. gRT-PCR
was used to detect the expression of CASC2 in CRC tissues and adjacent
normal tissues (n=65). B. qRT-PCR was adopted to detect the expression of
CASC2 in normal colorectal mucosal cell line (FHC) and CRC cell lines (Colo-
678, HCT116, SW620, LoVo cells). C. Subcellular fractionation assay was
used to measure the expression of CASC2, GAPDH and U6 in the nuclei
and cytoplasm of Colo-678 and HCT116 cells. D. Kaplan-Meier analysis
showed a correlation between CASC2 expression and overall survival of
CRC patients. Data are represented as the mean = SD (n=3). **; P<0.01,
***. P<0.001, CRC; Colorectal cancer, and gRT-PCR; Quantitative real-time
polymerase chain reaction.

CASC2 overexpression
progression of CRC cells

impeded the malignant

To work out the biological function of CASC2 in
CRC cells, we transfected CASC2 overexpression
plasmids into Colo-678 and HCT-116 cells to
construct cell models with CASC2 overexpression
(Fig.2A). MTT, BrdU and Transwell assays revealed
that in comparison with the control group, CASC2
overexpression greatly inhibited the proliferative,
migrative and invasive abilities of Colo-678 and
HCT-116 cells (Fig.2B-E).

CASC2 directly targeted miR-18a-5p in CRC cells

To expound the downstream mechanism of CASC2,
bioinformatics analysis was performed, and a binding
site between CASC2 and miR-18a-5p was predicted
(Fig.3A). Besides, miR-18a-5p expressions in 65 pairs
of CRC tissues and tissues adjacent to cancer were
then evaluated by qRT-PCR. As against normal tissues
adjacent to cancer, miR-18a-5p was observed to be
highly expressed in CRC tissue (Fig.3B). Additionally,
miR-18a-5p expression was inhibited in Colo-678
and HCTI116 cells with CASC2 overexpression
(Fig.3C). Besides, we observed a negative correlation
between CASC2 and miR-185-5p expression in CRC
tissue (Fig.3D). In addition, dual-luciferase reporter
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gene assay revealed that miR-18a-5p mimics could
demonstrably restrain the luciferase activity of
wild-type CASC2 reporter, but make no difference
on that of mutant CASC2 reporter (Fig.3E). RIP
assay highlighted that CASC2 and miR-18a-5p were
significantly enriched in anti-Ago2 group of Colo-
678 and HCT116 cells (Fig.3F). Collectively, CASC2
could target miR-18a-5p and regulate its expression
negatively.

Fig.2: CASC2 overexpression inhibited CRC cell proliferation, migration
and invasion. A. gRT-PCR was used to detect the expression of CASC2 in
Colo-678 and HCT116 cells transfected with the CASC2 overexpression
plasmid. B, C. MTT and BrdU assays were employed to detect the
proliferation of CRC cells with CASC2 overexpression (scale bar: 100 um).
D, E. Transwell assay was used to detect the migration and invasion of
CRC cells with CASC2 overexpression (scale bar: 250 um). The data were
analyzed by independent samples t test or one-way ANOVA. Data are
represented as the mean * SD (n=3). *; P<0.05, **; P<0.01, ***; P<0.001,
NC; Negative control, CRC; Colorectal cancer, qRT-PCR; Quantitative real-
time polymerase chain reaction, MTT; Methylthiazol tetrazolium, and
BrdU; 5-bromo-2’-deoxyuridine.

MiR-18a-5p counteracted the biological functions of
CASC2 in CRC cells

To expound the role of CASC2/miR-18a-5p axis in
CRC, miR-18a-5p mimics was transfected into Colo-
678 and HCT116 cells with CASC2 overexpression.

Cell J, Vol 24, No 11, November 2022



LncRNA CASC2, miR-18a-5p, BTG3 and CRC

qRT-PCR showed that the transfection of miR-18a-
5p mimics reversed the declination of miR-18a-5p
expression caused by CASC2 overexpression (Fig.4A).
Next, MTT assay, wound healing assay and transwell
assay revealed thatmiR-18a-5p restoration counteracted
the inhibiting impacts of CASC2 overexpression on
the proliferative, migrative and invasive abilities of
Colo-678 and HCT116 cells (Fig.4B-E). These results
implied that CASC2 inhibited the progression of CRC
cells via targeting miR-18a-5p.

Fig.3: MiR-18a-5p was the target of CASC2 in CRC. A. StarBase software
(http://starbase.sysu.edu.cn/) predicted a binding site between CASC2
and miR-18a-5p. B. qRT-PCR was used to detect the expression of miR-
18a-5p in CRC tissues and adjacent normal tissues (n=65). C. qRT-PCR
was used to detect the expression of miR-18a-5p in CRC cells with CASC2
overexpression. D. Pearson’s correlation analysis was adopted to analyze
the correlation between CASC2 expression and miR-18a-5p expression in
CRC tissue samples. E. Dual-luciferase reporter gene assay was employed
to verify the targeting relationship between miR-18a-5p and CASC2. F. The
interaction between CASC2 and miR-18a-5p in Colo-678 and HCT116 cells
was detected by RIP assay. The data were analyzed by Mann-Whitney test,
one-way ANOVA or independent samples t-test. Data are represented as
the mean = SD (n=3). **; P<0.01, ***; P<0.001, CRC; Colorectal cancer,
gRT-PCR; Quantitative real-time polymerase chain reaction, and RIP; RNA
immunoprecipitation.

BTG3 was the target of miR-18a-5p

Next, we searched the targets of miR-18a-5p using
the StarBase database, and the results showed that miR-
18a-5p could probably bind to BTG3 3’-UTR (Fig.5A).
Dual-luciferase reporter gene assay indicated that the
transfection of miR-18a-5p mimics dramatically repressed
the luciferase activity of wild-type BTG3 reporter but could
not repress that of the mutant type BTG3 reporter (Fig.5B).
qRT-PCR revealed that BTG3 mRNA expression was
markedly reduced in CRC tissues and cells (Fig.5C, D).
Additionally, western blot assay showed that in comparison
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with FHC cells, BTG3 protein expression was declined
in CRC cell lines (Fig.5E). Transfection of miR-18a-5p
mimics reduced BTG3 mRNA and protein expressions
in CRC cells; CASC2 overexpression induced the up-
regulation of BTG3 in CRC cells, and this effect could
be diminished by miR-18a-5p overexpression (Fig.5F,
G). Notably, BTG3 mRNA expression was in negative
correlation with miR-18a-5p in CRC tissue (Fig.5H), but
in positive correlation with CASC2 expression (Fig.51).
The aforementioned results confirmed that BTG3 was
a downstream target of miR-18a-5p, and its expression
was negatively modulated by miR-18a-5p and positively
modulated by CASC2.

Fig.4: MiR-18a-5p partially reversed the inhibitory effects of CASC2 on
CRC cells. A. MiR-18a-5p mimics were transfected into Colo-678 cells
and HCT116 cells with CASC2 overexpression, and the expression of
miR-18a-5p in CRC cells was detected by qRT-PCR. B, C. MTT assay and
BrdU assay were used to detect the proliferation of Colo-678 and HCT116
cells after the transfection (scale bar: 100 um). D, E. Transwell assay was
used to detect the migration and invasion of Colo-678 and HCT116 cells
after the transfection (scale bar: 250 um). Data are represented as the
mean + SD (n=3). The data were analyzed by one-way ANOVA. **; P<0.01,
**%. P<0.001, CRC; Colorectal cancer, gRT-PCR; Quantitative real-time
polymerase chain reaction, MTT; Methylthiazol tetrazolium, and BrdU;
5-bromo-2’-deoxyuridine.
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Fig.5: BTG3 was a target of miR-18a-5p in CRC. A. StarBase software (http://
starbase.sysu.edu.cn/) predicted a binding site between BTG3 3°'UTR and
miR-18a-5p. Other potential targets of miR-18a-5p predicted on the StarBase
website were detailed in Table S1 (See Supplementary Online Information
at www.celljournal.org). B. Dual-luciferase reporter gene assay was used to
verify the targeting relationship between miR-18a-5p and BTG3. C. qRT-PCR
was used to detect the expression of BTG3 mRNA in CRC tissues and adjacent
normal tissues (n=65). D. The expression of BTG3 mRNA in normal colorectal
mucosal cell line (FHC) and CRC cell lines (Colo-678, HCT116, SW620, LoVo
cells) was detected by gRT-PCR. E. Western blot assay was used to detect
the expression of BTG3 protein in CRC cell lines (Colo-678, HCT116, SW620,
LoVo cells) and FHC cells. The original blot images were provided in Figures
S1, S2 (See Supplementary Online Information at www.celljournal.org). F,
G. qRT-PCR and western blot assays were used to detect the expression of
BTG3 mRNA and protein in CRC cells transfected with miR-18a-5p mimic,
CASC2 overexpression plasmid or co-transfected with miR-18a-5p and
CASC2, respectively. The original blot images were provided in Figure S3 (See
Supplementary Online Information at www.celljournal.org). H, I. Pearson’s
correlation analysis was used to detect the correlations between BTG3 mRNA
and miR-18a-5p, or BTG3 mRNA and CASC2 expression in CRC tissues. Data
are represented as the mean = SD (n=3). The data were analyzed by Mann-
Whitney test or one-way ANOVA. **; P<0.01, ***; P<0.001, CRC; Colorectal
cancer, and gRT-PCR; Quantitative real-time polymerase chain reaction.

Discussion

In recent years, multiple IncRNAs have been identified
as a potential biomarkers and therapy targets for CRC
prognosis and treatment (20). As reported, CASC2 is
frequently dysregulated in diverse cancers and modulates
a wide range of biological processes (21-23). For instance,
CASC2 up-regulation inhibits the viability and metastasis
of breast cancer cells by inhibiting the TGF-§ signaling
pathway (21); CASC2 inhibits the malignant biological
processes of hepatocellular carcinoma cells through the
MAPK signaling pathway (23). Here, we validated that
CASC2 expression was reduced in CRC tissues and
cell lines and demonstrated that CASC2 low expression
was associated with the unfavorable clinicopathological
indexes; functionally, we also demonstrated that CASC2
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overexpression can suppress the malignant phenotypes of
CRC cells. Our findings are consistent with the previous
reports (12).

Reportedly, IncRNA can interact with miRNA as a
molecular sponge of miRNA, thereby regulating the
expression of the target genes of miRNA (24, 25). Besides,
some studies have revealed several target miRNAs
of CASC2 in cancer. For example, in hepatocellular
carcinoma, CASC2 inhibits cell viability and induces
apoptosis via modulating miR-24-3p (26). In addition,
CASC2 inhibits the tumorigenesis of hepatocellular
carcinoma, melanoma, nasopharyngeal carcinoma and
other malignant tumors through sponging miR-18a-5p
(27-29). However, there are few reports about the target
the miRNA of CASC2 in CRC. Here, we confirmed that
miR-18a-5p was a direct target of CASC2 in CRC cells.

As reported, miR-18a-5p is pivotal in the pathogenesis
of many human diseases including cancers. For example,
miR-18a-5p accelerates osteosarcoma cell migration
and invasion via directly targeting /RF2 (30); in renal
cell carcinoma, miR-18a-5p up-regulation can promote
cancer cells proliferation, migration, invasion and inhibit
apoptosis (31). The present work proved that miR-18a-
5p expression level was elevated in CRC tissues, which
is consistent with previous reports (16). Additionally, we
focused on the interactions between CASC2 and miR-18a-
5p in CRC. Our research proved that miR-18a-5p was
a direct target of CASC2, and CASC2 could negatively
modulate miR-18a-5p expression. Moreover, up-
regulation of miR-18a-5p could counteract the inhibitory
effect of CASC2 overexpression on the proliferative,
migrative and invasive abilities of CRC cells.

To further understand the downstream mechanism of
CASC2, we focused on studying the downstream target of
miR-18a-5p. Interestingly, a hidden binding site between
miR-18a-5p and BTG3 was revealed by searching the
StarBase database. Reportedly, BTG3 is an important
participant in regulating cell growth, differentiation,
migration, and DNA damage repair (32, 33). In gastric
cancer, BTG3 down-regulation facilitates the proliferative,
migrative and invasive abilities of gastric cancer cells (18).
BTG3 overexpression represses the multiplication and
invasion of epithelial ovarian cancer cells via modulating
AKT/GSK3p/B-Catenin signaling (34). In this work, we
validated that BTG3 was weakly expressed in CRC tissues
and cells. Besides, we confirmed for the first time that
there was a targeting relation between miR-18a-5p and
BTG3 in CRC cells. Moreover, we reported that CASC2
could positively regulate BTG3 expression, probably via
suppressing miR-18a-5p. Collectively, CASC2, miR-18a-
5p and BTG3 could form a ceRNA network to regulate the
CRC development.

Conclusion

According to our findings, CASC2 expression is reduced
in CRC tissues and cell lines. In addition, CASC2 can
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repress the proliferative, migrative and invasive abilities
of CRC cells via targeting miR-18a-5p and increasing
BTG3 expression. This work provides a novel mechanism
to explain the progression of CRC cells, and restoration
of CASC2 may be a novel therapy strategy for CRC
treatment.
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Abstract
Objective: The growth and migration of airway smooth muscle cells (ASMCs) are dysregulated in asthma. MicroRNAs
(miRNASs) are associated with the pathogenesis of many diseases including asthma. Instead, the function of miR-140-
3p in ASMCs’ dysregulation in asthma remains inconclusive. This study aimed to explore the role and mechanism of
miR-140-3p in ASMCs’ dysregulation.

Materials and Methods: In this experimental study, ASMCs were stimulated with platelet-derived growth factor (PDGF)-
BB to construct an asthma cell model in vitro. MiR-140-3p expression level in the plasma of 50 asthmatic patients and
50 healthy volunteers was measured with quantitative real-time polymerase chain reaction (QRT-PCR). Besides, the
enzyme-linked immunosorbent assay (ELISA) was applied to detect the contents of interleukin (IL) -1B, IL-6, and tumor
necrosis factor-a (TNF-a) in the cell culture supernatant of ASMCs. Additionally, CCK-8 and transwell assays were
adopted to probe the multiplication and migration of ASMCs. In addition, the western blot was employed to examine
HMGB1, JAK2, and STAT3 protein expressions in ASMCs after miR-140-3p and HMGB1 were selectively regulated.

Results: miR-140-3p expression was declined in asthmatic patients' plasma and ASMCs stimulated by PDGF-BB.
Upregulating miR-140-3p suppressed the viability and migration of the cells and alleviated the inflammatory response
while inhibiting miR-140-3p showed opposite effects. Additionally, HMGB1 was testified as the target of miR-140-3p.
HMGB1 overexpression could reverse the impact of miR-140-3p upregulation on the inflammatory response of ASMCs
stimulated by PDGF-BB. MiR-140-3p could repress the activation of JAK2/STAT3 via suppressing HMGBL1.

Conclusion: In ASMCs, miR-140-3p can inhibit the JAK2/STAT3 signaling pathway by targeting HMGB1, thus

ameliorating airway inflammation and remodeling in the pathogenesis of asthma.

Keywords: Asthma, HMGB1, JAK2/STAT3, miR-140-3p
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Introduction

Bronchial asthma is a prevalent chronic respiratory
inflammatory disease, featuring airway inflammation,
airway remodeling, and hyper responsiveness. It’s
been shown that various cells (eosinophils, T cells,
neutrophils, mast cells, and airway epithelial cells,
etc.) and inflammatory mediators are involved in its
pathogenesis (1, 2). It is estimated that 5% of adults and
10% of children suffer from asthma (3, 4). The anti-
inflammatory drugs and bronchodilators can effectively
control airway inflammation and hyperresponsiveness
respectively; however the current treatments are not
enough to reverse airway remodeling. Reportedly,
the abnormal proliferation and migration of airway
smooth muscle cells (ASMCs) are pivotal in airway

remodeling (5). Specifically, platelet-derived growth
factor BB (PDGF-BB) can promote the multiplication
and migration of ASMCs, thus aggravating airway
remodeling in asthma (6).

MicroRNAs (miRNAs) are single-stranded non-coding
RNAs with about 19-22nt in length, which inhibit the
translation process via binding with the 3’- untranslated
region (3’-UTR) of mRNAs (7, 8). More and more
evidence has shown that miRNAs are vital in modulating
the phenotype of ASMCs in the pathogenesis of asthma
(9). Up to now, many miRNAs including miR-200a, miR-
142, and miR-485 have been reported to be implicated
in the regulation of multiplication and migration of
ASMCs (10-12). In addition, miR-140-3p is declined
in human bronchial smooth muscle cells which are
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stimulated by interleukin (IL)-13 (13). Instead, how miR-
140-3p modulates the dysfunction of ASMCs in asthma is
indeterminate.

High mobility group box 1 (HMGB1), is known
as a non-histone chromosome binding protein with
a highly conserved structure (14). It is reported that
HMGBL is an important inflammatory mediator, which
is related to immune diseases, malignancies, and other
diseases (15). HMGB1 is also a pivotal regulator in
airway inflammation and remodeling in asthma (16).
The aim of this study was to investigate the regulatory
effects of miR-140-3p on the proliferation, migration,
and inflammatory response of ASMCs after PDGF-
BB stimulation and to explore the interplay between
miR-140-3p and HMGB1. This study revealed a
new molecular mechanism in the process of asthma
exacerbation and suggested a new theoretical
foundation for its treatment.

Materials and Methods
Clinical samples

This experimental study, with the written informed
consent of all patients, healthy volunteers, or guardians
of participants, was endorsed by the Ethics Committee
of Linyi Central Hospital (2017-0041). Experiments
involving human tissue were performed according to the
Declaration of Helsinki. Blood samples of 50 patients with
acute asthma treated in Linyi Central Hospital from March
2018 to June 2019 were collected. Blood samples of 50
healthy volunteers were used as the negative control. The
patients were selected by simple random sampling. Blood
samples were collected by vacuum blood collection tubes
containing ethylene diamine tetra acetic acid (EDTA) and
centrifuged at 1600xg for 15 minutes at 4°C to obtain
supernatant and at 16000xg for another 10 minutes at 4°C
to separate plasma. Ultimately, the separated plasma was
stored at -80°C for the subsequent analysis. 50 patients
with acute exacerbation asthma, were included 32 males
and 18 females, with a mean age of (35.8 £ 8.76) years.
Inclusion criteria were A. Meeting the diagnostic criteria
of the Global Initiative for Asthma (GINA) guidelines
(2016) (17); B. Being in the acute exacerbation phase,
C. Age >16 years old. Exclusion criteria: A. Any
active severe infections, B. Any presence of malignant
hematological diseases or tumors, and C. Recent
treatment with corticosteroids, immunosuppressants, and
immunomodulators. The enrolled controls were healthy
individuals who underwent physical examination in our
hospital during the same period, including 27 males and 23
females with a mean age of (36.7 + 3.12) years. Inclusion
criteria were: A. Normal lung function, B. No history of
asthma or other allergic diseases, C. No infections within 4
weeks, and D. Age >16 years. Exclusion criteria: A. Those
with autoimmune diseases, hematologic diseases, severe
infections, and malignancies, B. Pregnant or lactating
women, and C. A recent history of leukotriene receptor
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antagonists as well as glucocorticoid use.

Cell culture and cell transfection

In this experimental study, human ASMCs were
available from the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China). Subsequently, cells were
cultivated in DMEM (Corning, Manassas, VA, USA)
containing 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 pg/mL streptomycin (Thermo Fisher
Scientific, MA, USA) in 5% CO, at 37°C. When cells
reached 90% confluence, subculture was carried out.
ASMCs were treated with different concentration of
PDGF-BB (0, 1, 10, 20, 40, 60 mg/mL, R&D Systems,
Minneapolis, MN, USA) for different times (1-48 hours)
to construct the in vitro model of asthma.

MiR-140-3p mimics (miR-140-3p), mimic negative
control (miR-NC), miR-140-3p inhibitors (miR-
140-3p-in), inhibitor negative control (miR-in),
pcDNA3.0-HMGB1 (HMGB1) and empty vector
pcDNA3.0 were available from RiboBio (Guangzhou,
China). Subsequently, ASMCs were transferred into
a 24-well cell plate at 3x10° cells/well, and cultured
at 37°C in 5% CO, for 24 hours, and then the cells
were transfected by Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA).

Quantitative real-time polymerase chain reaction

Total RNA was extracted from plasma and cells by
TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
Total RNA was reverse transcribed into cDNA by
TagMan microRNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA) and PrimeScript
RT Kit (Takara, Dalian, China). According to the
manufacturer’s protocol, qRT-PCR was conducted on
ABI 7300 system (Applied Biosystems, Foster City,
CA, USA) with an SYBR Green PCR Master Mix kit
(Thermo Fisher Scientific, Carlsbad, CA, USA), with
U6 or S-actin as the endogenous control. Ultimately, the
relative expressions were estimated by the 2-44““method.
The primer sequences are detailed in Table 1.

Table 1: Primer sequences

Gene Primer sequences (5°-3")
miR-140-3p F: GCGCGTACCACAGGGTAGAA
R: AGTGCAGGGTCCGAGGTATT
U6 F: CTCGCTTCGGCAGCACATATACTA
R: ACGAATTTGCGTGTCATCCTTGC
HMGB1 F: AGCTGCTAGCGCCTAGCGAT
R: CCCGTCTGATAGCGCATTCGTGT
p-actin F: CGTGCGTGACATTAAAGAG

R: TTGCCGATAGTGATGACCT




Enzyme-linked immunosorbent assay

Cells and the medium were collected after 48 hours
of continuous culture, and then the cells were under
centrifuged at 1000xg for 10 minutes at 4°C to collect the
supernatant. ELISA kits (Shanghai Xitang Biotechnology
Co, Ltd, Shanghai, China) were adopted to detect the
contents of interleukin-1p (IL-1B), IL-6, and tumor
necrosis factor-a (TNF-a), respectively, according to the
manufacturer’s instructions.

Cell proliferation assay

Cell counting kit 8 (CCK-8; Dojindo, Kumamoto,
Japan) was adopted to estimate the proliferative
capability of ASMCs. Cells were transferred into a 96-
well plate (1x10° cells/well) and cultured at 37°C for
12 hours, and then 10 pL of CCK-8 solution was added
to each well. After incubation of cells for 1 hour, the
absorbance was detected at 450nm wavelength by a
spectrophotometer reader (Bio-Rad, Hercules, CA,
USA). With the same method, the absorbance of the
cells was examined at the 24" 48" 72" and 96™
hours, respectively. After that, the proliferation curve
was plotted.

5-bromo-2’-deoxyuridine (BrdU) assay

Cell proliferation was also probed by a BrdU kit
(Sigma-Aldrich, Louis, MO, USA). Briefly, the cells
were transferred into 96-well plates and incubated with
BrdU labeling reagent for 2 hours at 37°C. Next, the cells
were incubated with FixDenat solution for 30 minutes
at ambient temperature. Subsequently, the cells were
incubated with the anti-BrdU antibody for 90 minutes
in the dark. Thereafter the nucleus was stained with
DAPI staining solution for 10 minutes. Subsequently,
the ASMCs were washed with phosphate buffered saline
(PBS, Beyotime Biotechnology, China) and observed
under a fluorescence microscope.

Transwell assay

Cell migration was examined with the transwell
chamber (24-well insert, 8-uym pore size, Corning
Costar, Cambridge, MA, USA). Briefly, 1x10° cells
resuspended in 200 ul of serum-free medium were
transferred into the upper compartment, with the lower
compartment filled with a medium containing 20%
FBS. Twenty-four hours later, the ASMCs that failed
to migrate were removed from the upper membrane
surface with cotton swabs, and the migrating cells
fixed in methanol were stained with 0.1% crystal
violet. Cells were rinsed in tap water, dried, and then
photographed under an optical microscope. Image J
software was used for counting the cells.

Dual-luciferase reporter assay
Wild-type (WT) and mutant (MUT) sequences of
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HMGB1 were subcloned into psi-CHECK2 luciferase
reporter vector (Promega, Madison, WI, USA), and
HMGB1-WT or HMGB1-MUT reporter vectors were
constructed, respectively. Then luciferase reporter
vector and miR-140-3p or miR-NC were co-transfected
into ASMCs by Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA). Forty-eight hours later, the
luciferase activity was examined by a dual luciferase
analysis system (Promega) as manufacturer’s
instructions.

Western blot

Total proteins in ASMCs were extracted with RIPA
lysis buffer (Solarbio, Beijing, China), and their
concentration was quantified by a BCA protein detection
kit (Solarbio, Beijing, China). An equal amount of
protein samples (20 pg per group) was separated by
SDS-PAGE and transferred to a polyvinylidene fluoride
membrane (Millipore, Bedford, MA, USA), which
was then blocked with 5% skimmed milk for 1 hour.
The membrane was firstly incubated with the primary
antibody at 4°C overnight, and then with the secondary
antibody, goat anti-rabbit IgG H&L (Abcam, ab6721,
1: 3000) at 37°C for 1 hour. Ultimately, the bands
were developed with the enhanced chemiluminescence
reagent (Pierce Biotechnology, Rockford, IL, USA).
The primary antibodies were: anti-HMGB1 (1: 1000,
ab79823), anti-p-JAK2 (1: 1000, #8082), anti-p-STAT3
(1: 1000, #9145), anti-JKA2 (1: 1000, #3230), anti-
STAT3 (1: 1000, #12640) and anti-f-actin (1: 1000,
ab6276). Among them, anti-HMGB1 antibody and anti-
[S-actin antibody were bought from Abcam (Shanghai,
China); anti-p-JAK2 antibody, anti-p-STAT3 antibody,
anti-JAK2 antibody, and anti-STAT3 antibody were
all purchased from Cell Signaling Technology (Cell
Signaling Technology, Danvers, MA, USA).

Statistical analysis

SPSS 21.0 statistical software (SPSS Inc., Chicago,
IL, USA) was applied for statistical analysis, with data
shown as mean = standard deviation. Accordingly, the
differences between the two groups were analyzed by
student’s t test. Besides, one-way ANOVA followed by
Tukey post-hoc test was executed for comparing the
data of more than two groups. P<0.05 indicated the
statistical significance.

Results

miR-140-3p expression is declined in plasma of
asthmatic patients and ASMCs stimulated by
PDGF-BB

First, we evaluated miR-140-3p expression levels in the
plasma of 50 asthmatic patients and 50 healthy volunteers
by qRT-PCR and observed that miR-140-3p expressions
in the plasma of asthmatic patients were remarkably
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lower than that of healthy individuals (Fig.1A). qRT-
PCR also suggested that PDGF-BB inhibited miR-140-
3p expression in ASMCs dose- and time-dependently
(Fig.1B, C). The half-inhibitory concentration (IC,;) value
of PDGF-BB-induced miR-140-3p expression inhibition
was about 22.37 ng/mL (Fig.1B). 24 hours of PDGF-
BB treatment, were reduced miR-140-3p expression to
less than 50% in ASMCs (Fig.1C). So, in the subsequent
experiments, ASMCs were treated with 20 ng/mL PDGF-
BB for 24 hours as the in vitro asthma model. It was found
that compared with ASMCs in the control group, IL-1p,
IL-6, and TNF-a levels in the asthma cell model were up-
regulated (Fig.1D).

Fig.1: miR-140-3p is lowly expressed in plasma of asthmatic patients and
ASMCs treated with PDGF-BB. A. The expression of miR-140-3p in plasma
of asthmatic patients and healthy volunteers was detected by qRT-PCR. B.
gRT-PCR was used to detect the relative expression of miR-140-3p after
treating ASMCs with different concentrations (0, 1, 10, 20, 40, 60 mg/
mL) of PDGF-BB for 24 hours. C. qRT-PCR was used to detect the relative
expression of miR-140-3p after treating ASMCs with 20 ng/mL PDGF-BB
for different time (1, 6, 12, 24, 48 hours). D. ELISA was used to detect the
levels of IL-1B, IL-6 and TNF-a in the supernatant of ASMCs after treatment
with 20 ng/mL PDGF-BB for 24 hours. Data are expressed as mean *
standard deviation (n=3). *; P<0.05, **; P<0.01, ***; P<0.001, ASMCs;
Airway smooth muscle cells, gRT-PCR; Quantitative real-time polymerase
chain reaction, PDGF-BB; Platelet-derived growth factor, ELISA; Enzyme-
linked immunosorbent assay, IL-1B; Interleukin-1B8, and TNF-a; tumor
necrosis factor-a.

MiR-140-3p restrains the multiplication and migration
of PDGF-BB-induced ASMCs

To study the biological function of miR-140-3p in the
pathogenesis of asthma, we transfected miR-NC, miR-
140-3p mimics, miR-in or miR-140-3p inhibitors into
ASMCs, and successfully established the cell model of
miR-140-3p overexpression or inhibition (Fig.2A). CCK-
8, BrdU and transwell assays showed that overexpression
of miR-140-3p significantly attenuated the promotion
of PDGF-BB-induced proliferation and migration of
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ASMCs, while miR-140-3p inhibitor exerted the opposite
effect (Fig.2B-F).

A B
C D
E F

Fig.2: The effects of miR-140-3p on proliferation and migration of ASMCs
induced by PDGF-BB. A. miR-140-3p mimics or inhibitors were transfected
into ASMCs stimulated by 20 ng/mL PDGF-BB, and the expression of miR-
140-3p was detected by qRT-PCR. B. CCK-8 assay, C, D. BrdU assay, and
E, F. Transwell assay were used to detect the proliferation and migration
of ASMCs stimulated by 20 ng/mL PDGF-BB after transfection. Data are
expressed as mean * standard deviation (n=3) (scale bar: C: 250 um, E: 100
pum). *; P<0.05, **; P<0.01, ***; P<0.001, ASMCs; Airway smooth muscle
cells, PDGF-BB; Platelet-derived growth factor, gRT-PCR; Quantitative
real-time polymerase chain reaction, CCK-8; Cell counting kit 8, and BrdU;
5-bromo-2’-deoxyuridine.

MiR-140-3p represses the inflammatory response of
PDGF-BB-treated ASMCs

Next, we performed ELISA and found that compared
with the PDGF-BB+miR-NC group, the contents
of IL-1B, IL-6, and TNF-o in the supernatant of
ASMCs were markedly decreased subsequent to the
transfection of miR-140-3p mimics; as against PDGF-
BB+miR-in group, miR-140-3p inhibition restrained
the production of IL-1p, IL-6, and TNF-a of PDGF-
BB-stimulated ASMCs (Fig.3A-C), suggesting that
miR-140-3p may repress the inflammatory response in

asthma.



Fig.3: miR-140-3p inhibits the inflammatory reaction of ASMCs induced
by PDGF-BB. ELISA was used to detect the levels of A. IL-1B, B. IL-6, and
C. TNF-a in ASMC supernatants stimulated by 20 ng/mL PDGF-BB after
transfection of miR-140-3p mimics or inhibitors. Data are expressed
as mean = standard deviation (n=3). **; P<0.01, ***; P<0.001, ASMCs;
Airway smooth muscle cells, PDGF-BB; Platelet-derived growth factor,
ELISA; Enzyme-linked immunosorbent assay, IL-1fB; Interleukin-1B, and
TNF-o; Tumor necrosis factor-a.
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MiR-140-3p targets HMGB1

We then predicted the target genes of miR-140-3p
with the StarBase database and observed that there was
a complementary binding site between miR-140-3p
and HMGB1 mRNA 3’-UTR (Fig.4A). Dual-luciferase
reporter gene assay showed that transfection of miR-
140-3p mimics impaired HMGB1-WT activity, but that
of HMGB1-MUT was not significantly affected (Fig.4B).
gRT-PCR and western blot showed that in PDGF-BB-
treated ASMCs, miR-140-3p up-regulation restrained
HMGB1 mRNA and protein expression, while miR-140-
3p down-regulation had the opposite effect (Fig. 4C, D).
Collectively, HMGB1 was the downstream target of miR-
140-3p in ASMCs.

Fig.4: HMGBI1 is the downstream target of miR-140-3p. A. The binding
sequence between miR-140-3p and HMGB1 3’-UTR. B. Dual-luciferase
reporter gene experiment was used to verify the targeting relationship
between miR-140-3p and HMGB1. C. gRT-PCR and D. Western blot were
used to detect HMGBI mRNA and protein expression in ASMCs transfected
with miR-140-3p mimics or inhibitors and stimulated by 20 ng/mL PDGF-
BB. Data are expressed as mean t standard deviation (n=3). **; P<0.01,
*¥**. P<0.001, HMGBI; High mobility group box 1, gRT-PCR; Quantitative
real-time polymerase chain reaction, ASMCs; Airway smooth muscle cells,
and PDGF-BB; Platelet-derived growth factor.
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HMGB1 counteracts the impact of miR-140-3p in
asthmatic ASMCs

To study the function of the miR-140-3p/HMGB1 axis
in regulating the dysfunction of ASMCs, we transfected
miR-140-3p mimics, HMGB1 overexpression plasmid
or co-transfected miR-140-3p mimics and HMGB1
overexpression plasmids in ASMCs, respectively.
qRT-PCR and western blot showed that HMGB1
overexpression enhanced HMGB1 mRNA and protein
expressions in ASMCs stimulated by PDGF-BB and
attenuated the impact of miR-140-3p overexpression
on HMGB1 (Fig.5A, B). CCK-8, BrdU, and transwell
assays indicated that HMGB1 overexpression markedly
accelerated the multiplication and migration of PDGF-
BB-treated ASMCs, and greatly counteracted miR-

140-3p overexpression’s impacts on the growth
and migration of PDGF-BB-stimulated ASMCs
(Fig.5C-E). ELISA showed that compared with the
PDGF-BB group, the contents of IL-1f3, IL-6, and
TNF-a in the PDGF-BB+HMGB1 group were up-
regulated significantly; compared with those in the
PDGF-BB+miR-140-3p group, these inflammatory
factors in the PDGF-BB-+miR-140-3p+HMGB1 group
were also significantly increased (Fig.5F). Besides,
Western blot showed that up-regulation of miR-140-
3p repressed p-JAK2 and p-STAT3 expression levels
in ASMCs, and HMGB1 overexpression significantly
raised p-JAK2 and p-STAT3 expression levels,
counteracting miR-140-3p overexpression’s impact on
p-JAK2 and p-STAT3 (Fig.5Q).

Fig.5: miR-140-3p targets HMGB1 through JAK2/STAT3 signaling pathway and inhibits the pathogenesis of asthma. A. qRT-PCR and B. Western blot
were used to detect HMGB1 mRNA and protein expression in ASMCs stimulated with 20 ng/mL PDGF-BB after transfection with miR-140-3p mimics,
HMGB1 overexpression plasmid or miR-140-3p mimics +HMGB1 overexpression. C. CCK-8 assay, D. BrdU assay, E. Transwell assay were used to detect
the proliferation and migration of ASMCs stimulated by 20 ng/mL PDGF-BB after transfection. F. ELISA was used to detect the contents of IL-1B, IL-6,
and TNF-a in the supernatant of ASMCs stimulated with 20 ng/mL PDGF-BB after transfection. G. Western blot assay was used to detect the protein
expression of p-JAK2, p-STAT3, JAK2, and STAT3 in ASMCs stimulated by 20 ng/mL PDGF-BB after transfection. Data are expressed as mean * standard
deviation (n=3). *; P<0.05, **; P<0.01, ***; P<0.001, HMGB1; High mobility group box 1, JAK2; Janus Kinase 2, STAT3; Signal transducer and activator of
transcription 3, gRT-PCR; Quantitative real-time polymerase chain reaction, ASMCs; Airway smooth muscle cells, PDGF-BB; Platelet-derived growth factor,
CCK-8; Cell counting kit 8, and BrdU; 5-bromo-2’-deoxyuridine, ELISA; Enzyme-linked immunosorbent assay, IL-1B; Interleukin-1B, and TNF-a; Tumor

necrosis factor-a.
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Discussion

The abnormal growth and migration of ASMCs are
crucial in the pathogenesis of respiratory diseases, like
asthma (18). Many stimuli, such as growth factors,
contraction agonists, inflammatory cytokines, and
extracellular matrix proteins, have been reported to induce
the multiplication and migration of ASMCs (19). PDGF-
BB-induced growth and migration of ASMCs have been
used to study the dysfunction of ASMCs in asthma in vitro
(5). Here we observed that the stimulation of PDGF-BB
markedly promoted the dysfunction of ASMCs, and when
ASMCs were stimulated by PDGF-BB, the secretion of
inflammatory cytokines was also significantly promoted,
which is coherent with the previous studies (5, 20).

More and more evidence has shown that miRNAs
exert crucial functions in regulating cell proliferation,
migration, differentiation, and apoptosis, and are closely
relevant to the progression of many human diseases, such
as tumors, cardiovascular diseases, and asthma (21, 22).
Importantly, it is reported that some miRNAs modulate
the proliferation and migration of ASMC:s (5, 23, 24). For
example, MmiR-638 expression is declined in PDGF-BB-
induced ASMCs, and it suppresses the excessive growth
and migration of ASMCs via pointing to Cyclin D1 and
NOR1 (20); miR-590-5p represses the proliferation of
ASMCs induced by PDGF via inhibiting STAT3 (23);
miR-375 is down-regulated in ASMCs treated with
PDGF, and it can block the proliferation and migration
of ASMCs by targeting the JAK2/STAT3 signaling (24).
In this work, we demonstrated that the circulating miR-
140-3p was down-regulated in the plasma of asthmatic
patients. Furthermore, mIiR-140-3p expression was
reduced in PDGF-BB-stimulated ASMCs, consistent with
what was found in a previous study (25). Reportedly,
miR-140-3p expression is impaired in ASMCs treated
with TNF-a, and miR-140-3p can block the activation
of p38 MAPK in ASMCs and inhibit the up-regulation
of CD38 induced by TNF-a (26). In addition, miR-140-
3p inhibits PDGF-BB-induced ASMCs proliferation and
promotes apoptosis by targeting C-Myb and BCL-2 (25).
Similarly, the present study confirmed that miR-140-3p
up-regulation inhibited PDGF-BB-induced proliferation
of ASMCs. Additionally, miR-140-3p up-regulation
restrained the migration of ASMCs and the secretion of
inflammatory cytokines induced by PDGF-BB; on the
contrary, inhibition of miR-140-3p facilitated the growth,
migration, and inflammation of ASMCs. Collectively,
miR-140-3p could modulate the dysfunction of ASMCs
in asthma.

To expound on the mechanism by which miR-140-3p
regulates the proliferation and migration of ASMCs,
we predicted the downstream targets of miR-140-3p.
Interestingly, HMGB1 was predicted as a target for miR-
140-3p. Our results indicated that miR-140-3p could
negatively modulate HMGB1 expression in ASMCs.
HMGBL1 can serve as a modulator in airway inflammation
(27). Reportedly, resveratrol inhibits airway inflammation
and remodeling in asthma via blocking the HMGB1/
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TLR4/NF-kB pathway (28); cucurbitacin E can alleviate
the injury and inflammation of bronchial epithelial cells
induced by lipopolysaccharide via suppressing HMGB1/
TLR4/NF-kB signaling (29). In a mouse model, HMGB1
and TLR4 depletion ameliorate asthma induced by
diisononyl phthalate (DINP) (30). These studies imply that
targeting HMGB1 can probably alleviate the symptoms
of asthma. In this study, we discovered that HMGB1
overexpression promoted the viability, migration, and the
activation of JAK/STAT3 pathway of ASMCs stimulated
by PDGF-BB. In addition, the effect of transfection
of miR-140-3p mimics on the growth, migration, and
inflammation of PDGF-BB-induced ASMCs could be
counteracted by HMGBL1 overexpression. As reported,
the abnormal activation of the JAK/STAT3 pathway
aggravates inflammatory diseases (31, 32). These findings
suggest that, in the pathogenesis of asthma, the biological
function of miR-140-3p in ASMCs is partly mediated by
HMGBL1.

Conclusion

miR-140-3p expression is suppressed in asthmatic
patients’ plasma and ASMCs stimulated by PDGF-BB.
miR-140-3p inhibits JAK/STAT3 signaling activation via
targeting HMGB1, thus blocking the growth, migration,
and inflammatory response of PDGF-BB-stimulated
ASMCs. Our findings highlight that the miR-140-3p/
HMGB1 axis is pivotal in regulating the pathogenesis of
asthma and imply that targeting the miR-140-3p/HMGB1
axis is a promising strategy to treat asthma.
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Abstract
Objective: Ferulic acid (FA) is a phenolic compound that exhibits neuroprotective effects in the central nervous system
(CNS). This study was conducted to evaluate the potential effects of FA on the cognitive and motor impairments in the
cuprizone-induced demyelination model of multiple sclerosis (MS).

Materials and Methods: In this experimental study, demyelination was induced in mice by feeding them with chow
containing cuprizone (CPZ) 0.2% for 6 weeks. Mice in the control group received normal chow. Mice in the CPZ+Veh,
CPZ+FA10, and CPZ+FA100 groups received saline, and FA at a dose of 0, 10, or 100 mg/kg (intraperitoneal, I.P., daily)
respectively. After cognitive and motor assessments, under anaesthesia, animal brains were removed for evaluating
the histological, apoptosis, and molecular changes.

Results: The results showed that FA increased freezing behaviour in contextual (P<0.05) and cued freezing tests
(P<0.05). FA also reduced the random arm entrance (P<0.01) and increased spontaneous alternations into the arms of
Y-maze compared to the CPZ+Veh group (P<0.05). Time on the rotarod was improved in rats that received both doses
of FA (P<0.01). Demyelination, apoptosis, and relative mRNA expression of p53 were lower in the FA-treated groups
relative to the CPZ+Veh group (P<0.01). In addition, FA increased mRNA expression of brain-derived neurotrophic
factor (Bdnf), Olig2, and Mbp (P<0.05) but decreased GFAP mRNA expression compared to the CPZ+Veh group
(P<0.01).

Conclusion: The results of this study showed that FA plays a significant neuroprotective role in CPZ models of

demyelination by reducing neuronal apoptosis and improving oligodendrocytes (OLs) growth and differentiation.
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Introduction

Multiple sclerosis (MS) is one of the frequent
neurological diseases characterized by chronic
inflammation and demyelination in the central nervous
system (CNS) (1). Demyelination of neurons in the CNS
that is caused by the destruction of oligodendrocytes
(OLs) leads to an abnormal interplay of glial and neural
cells. This abnormality has been considered the main
pathological substrate for the structural and abnormal
functional consequences of MS (2). OLs are necessary
for the myelination of neurons in the CNS and the
normal transmission of neural signals. Also, they have
a crucial role in axonal maintenance and regeneration
(3). In addition to severe axonal dysfunction, apoptosis
of neuronal and glial cells occurs in the CNS of patients
with MS (4). Obvious demyelination and apoptotic
atrophy are also observed in the corpus callosum (CC),
the prefrontal cortex (PFC), the external capsule, and the
hippocampus of the CNS (5). It has been demonstrated
that the extensive demyelination in the CNS following

MS leads to cognitive and motor dysfunctions of the brain
(6). While MS leads to several neurological disorders,
optimal treatment for the disorder is yet to be discovered.
Therefore, it is important to explore the potential novel
neuroprotective compounds for MS therapy.

Ferulic acid (FA) is a phenolic compound widely found
in vegetables, fruits, and some beverages such as coffee
and beer (7). Previous studies have shown that FA has
neuroprotective effects via antioxidant and anti-apoptotic
mechanisms in vitro and in vivo (8), neural progenitor cell
proliferation (9), differentiation of human bone marrow
stromal cells into neural-like cells (10), prevention of
neuronal apoptosis, acceleration of peripheral nerve
regeneration, and neurogenesis (11).

There are experimental methods widely used for
evaluating demyelination disorders. Cuprizone (CPZ)
is a copper-chelating agent which is able to induce
demyelination through the destruction of OLs. CPZ has
been widely used for the induction of demyelination, and
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CPZ-induced demyelination has been used as a model
for the study of demyelination diseases such as MS (12).
Administration of CPZ to C57BL/6 mice can induce
apoptosis of mature OLs and subsequent demyelination
accompanied by cognitive and motor disorders in the CC
of the mice (13).

New complementary and alternative therapies that can
increase OLs survival and repair the myelin sheaths are
required to treat MS. Based on the present evidence for the
beneficial effects of FA, we designed the study to evaluate
the effect of FA on the OLs death and demyelination rate
using the mouse model of CPZ-induced demyelination.
The molecular and cellular mechanisms of the histological
and cognitive effects of FA were targeted.

Materials and Methods

Chemicals

Cuprizone, Bis (cyclohexanone) oxaldihydrazone, FA
(4-hydroxy-3-methoxy-cinnamic acid), Neutral Red, and
Luxol- Fast blue powder were purchased from Sigma-
Aldrich.co, Austria. RNA extraction kits were provided
by Cinna Gen, Iran. RevertAid™ First Strand cDNA
Synthesis kit was from TAKARA- BIO, Japan. Master
Mix containing SYBR green DNA dye was purchased
from Amplicon, Denmark, and the in-situ cell death
detection kit POD (Cat no. 11 684 817 910) was obtained
from Roche, Mannheim, Germany.

Animals

All experiments were performed according to the
agreement of the Animal Ethics Committee of the Yazd
University of Medical Sciences (IR.SSU.MEDICINE.
REC.1393.111). Male C57BL/6 mice (6-7 weeks old, 20-25
g weight) were obtained from the animal facility of Shiraz
University (Shiraz, Iran). The animals were maintained in
Plexiglas cages on a 12 hours light/dark cycle, controlled
temperature (20-22 °C) and had free access to water and
food. Every effort was taken to minimize the suffering and
damage to the animals and tried to use as few animals as
possible.

Experimental protocols

In this experimental study, the animals were divided

into 4 groups of 10 mice. Group 1 (control) received
standard rodent chow; the other three CPZ-treated groups
received standard rodent chow mixed freshly with 0.2%
CPZ for 6 weeks. Group 2 (CPZ+Veh) was treated with
cuprizone and saline; group 3 (CPZ+FA10) was treated
with FA at a dose of 10 mg/kg. Group 4 (CPZ+FA100)
was treated with FA at a dose of 100 mg/kg. Saline or FA
was administered orally once a day for 6 weeks (Table 1).

For evaluation of memory impairment and locomotor
incoordination, we used the fear conditioning, Y-maze,
and rotarod tests. At the end of the experiment, under
anaesthesia, the brains were removed and fixed for
evaluating the histological changes and apoptosis rate.
Also, fresh brain tissues were used to quantify relative
mRNA expressions of Bdnf, Olig2, Gfap, Mbp, and p53
genes.

Neurobehavioral assessments
Assessment of cognitive and memory impairments
Fear conditioning test

To determine the FA role in CPZ-induced memory
impairment, we used a contextual fear conditioning test
as previously described (14). On Day 1 (day of training),
animals were placed into a fear conditioning chamber
(Iran, Chamber: 25 x 24 x 21 cm) containing grey walls,
a metal grid floor to deliver a shock, and equipped with a
sound generator. The animal was first allowed to explore
the chamber for 3 minutes, thereafter, presented the clicker
sound for 30 seconds. At the end of the clicker sound,
each animal received a foot shock (0.7 mA) at the last
2 seconds. Memory for the context (contextual memory)
for each animal was determined by counting the freezing
behavior, defined as the total lack of movement except for
respiration. For the cued memory test, mice were placed
into a novel context for 3 minutes, and after an initial 30
seconds of novel context evaluation, the same training
tone was played for 3 minutes. Freezing behavior was
scored over the 3 minutes testing period and data were
presented as a percentage of time in the freezing over
the total sampling period. Mice were habituated to the
testing room for 30 minutes at the beginning of training
and the test day. All tests were conducted by the same
experimenter.

Table 1: The experimental groups and procedures

Group/Treatment 6 weeks administration

Behavioral assessments

Histological and molecular assessments

Group 1 (control) Standard rodent chow

Group 2 (CPZ+Veh) CPZ in food+Vehicle
Group 3 (CPZ+FA10) CPZ in food+FA10
Group 4 (CPZ+FA100) CPZ in food+FA100

Motor and cognitive tests
Motor and cognitive tests
Motor and cognitive tests

Motor and cognitive tests

LFB — TUNEL staining, real-time PCR
LFB — TUNEL staining, real-time PCR
LFB — TUNEL staining, real-time PCR

LFB — TUNEL staining, real-time PCR

CPZ; Cuprizone, FA; Ferulic acid, LFB-TUNEL; Luxol fast blue and TUNEL staining, and PCR; Polymerase chain reaction.
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Y-maze study

Working memory impairment was evaluated using 3
arms Y-maze apparatus. Each arm was 50 cm in length,
15 c¢cm in height, and 10 cm in width, with equal angles
(named A, B, and C). The behavioral evaluation was
performed according to the previous study (15). Briefly,
Mice were placed in the centre of the Y-maze and allowed
to move their arms freely for 8 minutes. The total number
of entrances and the number of alternations or the count of
sequential entrances in the three different arms (e.g., ABC,
BCA, CBA ...) were visually recorded. The percentage of
alternation was calculated using the below acquisition:

Alternation%= (number of alternations/total number of
arms entrances-2)x100.

Assessment of motor coordination
Rotarod test

The rotarod device (Borj Sanat Azma, Iran) was used
to assess motor coordination and balance in the animals.
The setup consists of a horizontal step ladder (2.5 cm in
diameter, 38 cm in height, and a constant speed of 25 rpm).
Before starting the experiment, mice were trained on the
rotarod in 3 training sessions, each lasting 5 minutes for 3
days. At the end of the experiment, the performance of the
mice was assessed for 5 minutes, and a fall off the rotarod
within this period was recorded (16). Additionally, the
number of falls and flips was counted during 300 seconds.

Histological assessment
Myelin staining

Luxol fast blue (LFB) staining was performed to
evaluate the demyelination process in the CC. Mice were
deeply anesthetized (urethane, 1 g/kg of body weight) and
intracardially perfused with 100 pl of saline followed by
the same volume of formalin (10%). Brains were post-
fixed in 4% paraformaldehyde for 3 days and embedded
in paraffin for 24 hours. Coronal sections (6 um thickness)
were prepared through the CC using a microtome (Leica
RM2135, Germany). After dehydration with graded
alcohols and clearing with xylene, the paraffinized
sections were incubated overnight with 0.1% Luxol-
Fast Blue and counterstained with neutral red according
to the previously reported method (17). After capturing
images of slides (Zeiss light microscope, 4 X objective
magnification), the CC area of each slide was scored in a
blinded manner by two investigators.

For the quantification of demyelination, two independent
researchers in a double-blind fashion scored each region
of interest and scored them from 0 to 3. A score of “0”
referred to normal myelination, a score of “1” indicated
demyelination of only one-third of the myelin fibers, and a
score of “2” was equivalent to demyelination of two-thirds
and a score of “3” referred to complete demyelination.
Scores from different sections were summed up to
calculate the average score for each group.
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TUNEL assay

TUNEL staining was performed to determine DNA
fragmentation as an index of cell apoptosis rate. Apoptotic
cells were detected using an in-situ cell death detection kit
(Roche, Mannheim, Germany) as per the manufacturer’s
instructions. The mice brains were removed and fixed
in phosphate-buffered saline (PBS, 0.1 M Sodium
phosphate, 0.14 M NaCl, pH=7.4) containing 3.7%
paraformaldehyde. The fixed brains were histologically
processed and embedded in the paraffine. Three sections
(thickness: 5 u, interval: 30 p) were obtained through
the CC. The sections were deparaffinised and hydrated.
Thereafter, the sections were incubated with proteinase
K (100 pg/mL), washed with PBS, and treated with 3%
H,O, for 10 minutes to inactivate endogenous peroxidase.
Again, the sections were washed twice with PBS and
incubated in the TUNEL reaction mixture for 1 hour.
The tissues were rinsed and visualized using Converter-
POD with 0.03% 3, 3'-diaminobenzidine (DAB). For
counter-staining, the washed sections were stained with
haematoxylin (DAKO, Denmark). The apoptotic cells
were counted (3 windows per section/animal; 4 animals/
group) and the mean value for each group was used for
analysis. The percentage of apoptotic cells was calculated
as TUNEL-positive cells/total numbers of cells (18).

Quantitative real-time polymerase chain reaction

MRNA levels of Olig2 as an OLs precursor marker,
p53 as an apoptotic regulator marker, GFAP as an
indicative of astrogliosis, BDNF, and MBP as the
markers for the survival of neurons, glial cells, and
remyelination were determined using semi-quantitative
real-time polymerase chain reaction (QRT-PCR). RNA
of each tissue sample of CC was extracted according
to the Kit instruction. The efficiency and quality of
RNA extraction were determined using the 260/280
ratio of optical density from each sample (Microplate
reader, Epoch, England). Then, Single-strand cDNA
was synthesized from 1 ug of the extracted mRNA
and finally, qRT-PCR was performed. The qPCR
reaction contained 12.5 pl of Master Mix, 10.5 pl of
purified water, 1 pl of 10 uM primer solution, and 1
ul of cDNA template. All values were normalized to
the hypoxanthine-guanine phosphoribosyl transferase-
encoding gene (HPRT), a housekeeping gene
with minimal variability in different experimental
conditions. Finally, the AACt method was applied to
compare the relative gene expression. The primers
sequences are indicated in Table 2.

Statistical analysis

Data were expressed as mean + SEM and analysed
by statistical software GraphPad Prism 7.0 (GraphPad,
Inc., USA). One-way ANOVA was used to determine
the significant differences between groups and post-hoc
Bonferroni or Tukey’s tests as required. The P<0.05 was
considered statistical significance.
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Table 2: The primer’s sequences list

Gene Primer sequence (5°-3")
p53 F: TTATGTGCACGTACTCTCCTCC
R: GCTGTGACTTCTTGTAGATGGC

Olig2 F: TTACAGACCGAGCCAACACC

R: TCAACCTTCCGAATGTGAATTAG
Gfap F: AACCGCATCACCATTCCTGT

R: CAGGCTGGTTTCTCGGATCT
Bdnf F: TACTTCGGTTGCATGAAGGC

R: TACTGTCACACACGCTCAGCTCC
Mbp F: GCACGCTTTCCAAAATCTTTA

R: GCCATGGGACCAGAG
Hprt F: GTGATTAGCGATGATGAACCAG

R: AGCAAGTCTTTCAGTCCTGTCC

Results of cognitive evaluations
Fear conditioning

As expected, there was not a significant difference in
freezing response between experimental groups on day
1. During 120 s of the test, all animals produced a brief
transient freezing-like behavior. During the fear contextual
test, mice in the CPZ+Veh showed a significantly lower
freezing response compared to the control group (P<0.01).
Post-hoc analysis revealed that FA at both doses increases
freezing response in the fear contextual test (P<0.05).
During the cue test, mice in the CPZ+Veh group showed
a significantly lower percentage of the freezing response
compared to the control group (P<0.05). Also, the post-
hoc analysis revealed that FA at the higher dose increased
freezing response in the fear contextual test (P<0.05).
Data are shown in Figure 1.

Y-maze

As shown in Figure 1, the total number of random
arm entries were significantly higher in CPZ+Veh group
when compared to control mice (P<0.01). Treatment of
mice with FA at both doses reduced the total number of
random entries (P<0.01). The percentage of spontaneous
alternations showed a significant decrease in the CPZ+Veh
group compared to the control group (P<0.05), while FA
treatment at both doses could significantly improve the
percent of spontaneous arm alternation (P<0.05).

Results of motor coordination evaluations

Rotarod test

CPZ administration to mice in the CPZ+Veh group
significantly decreased the time on the rotarod and
increased the number of falls/flips from the rotarod
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compared to the control group (P<0.001). However,
treatment of mice with FA at both doses increased time
on the rotarod and decreased the number of falls/flips
compared with the CPZ+Veh group (P<0.05). Data are
shown in Figure 1.

Fig.1: Effect of FA on cuprizone-induced impairments in cognitive function
(freezing and cued behaviors in fear conditioning test, and the number
of arm entries and spontaneous alternations in Y-maze) and motor
coordination (time on road and the number of falling/flipping in rotarod).
*. Significant difference when compared to control group, #; Significant
difference when compared to CPZ+Veh group, *; P<0.05, **; P<0.01, ***;
P<0.001, #; P<0.05, ##; P<0.01, FA; Ferulic acid, CPZ; Cuprizone, and Veh;
Vehicle. Data are mean + SEM.

Histological findings

The LFB is a sensitive tissue staining method used
to detect the phospholipids of CC. Qualitatively,
Chronic CPZ administration led to a prominent lesion
in the myelin sheath in the CC compared to the control
group (Fig.2A-D). In the presence of CPZ treatment,
neuroprotection of CC occurred in the FA-treated mice
(Fig.2E-H) but not in vehicle-treated mice (control
group). The CC of mice that received FA at a dose
of 10 mg/kg showed a lesser demyelination relative
to the control group. Also, this protective effect was
observed in the mice treated with 100 mg/kg of FA but
to a lesser extent compared to the mice treated with
10 mg/kg. Semiquantitative analysis of LFB stained
cells for scoring of demyelination revealed that CPZ
significantly increased demyelination in CC (P<0.01).
FA at both doses led to a significant decrease in the
CPZ-induced demyelination (P<0.05).
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Fig.2: Light micrographs showing histological sections of brains from
rats in CC area. Arrows and open triangles show OLs and demyelination
loci respectively. A, B. Control group, C, D. CPZ+Veh group, E, F. CPZ+FA
10, G, H. CPZ+FA 100 (the right column, 40x and the left column 400x).
I. The histogram represents demyelination scores of CC in different
groups. Demyelination score data are expressed as the mean + SEM and
analysed using one-way ANOVA followed by post hoc Turkey’s test. ***;
P<0.001: significant difference when compared to the control group, #;
P<0.05: significant difference when compared to CPZ+Veh group, OLs;
Oligodendrocytes, FA; Ferulic acid, CPZ; Cuprizone, and Veh; Vehicle.

The effects of FA on apoptosis and expression of the
p53 gene in CC

As shown in Figure 3, the number of TUNEL-positive
cells significantly elevated in cuprizone-treated mice
compared to control rats. FA treatment at both doses
decreased the number of TUNEL-positive cells in the
medial region of the CC compared to the CPZ+Veh
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group. The quantitative analysis revealed that the number
of TUNEL-positive cells in the CPZ+Veh group was
significantly more than in the control group (P<0.001),
while FA treatment significantly reduced the number of
TUNEL-positive cells (P<0.01, Fig.2E). The mRNA level
of the p53 gene was significantly higher in the CPZ+Veh
mice while it was decreased by treatment of rats with FA
10 and 100 mg/kg (P<0.01, Fig.3F).

A B
C D
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=

Fig.3: The apoptotic rate in different experimental groups light micrograph
pictures (400x) of CC in experimental groups. A. Control group, B.
CPZ+Veh treated group, C. CPZ+FA10 treated group, D. CPZ+FA100 treated
group. The arrow indicates apoptotic cells. E. Quantitative analysis for
calculating the ratio of TUNEL-positive cells to total cell number. F. The
mMRNA levels of P53 relative to HPRT in the corpus callosum as determined
by RT-PCR, data are expressed as the mean * SEM and analysed using
one-way ANOVA followed by post hoc Turkey’s test. ***; P<0.001:
significant difference when compared to the control group, #; P<0.05,
and ##; P<0.01: significant difference when compared to CPZ+Veh group.
CC; Corpus collosum, CPZ; Cuprizon, Veh; Vehicle, FA; Ferulic acid, HPRT;
Hypoxanthine phosphoribosyltransferase 1 and R.
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The effects of FA on gene expression of glial markers
in corpus collosum

Evaluation of mRNA gene expression in CC is shown
in Figure 4. The mRNA expression level of BDNF in
CPZ+Veh groups was significantly decreased (P<0.01)
when compared to the control group but FA at a dose
of 10 mg/kg (P<0.01) and at a dose of 100 mg/kg
(P<0.05) increased expression of BDNF mRNA relative
to CPZ+Veh group. Relative mRNA expression of olig2
indicated a significant decrease in CPZ+Veh group when
compared to the control. However, FA at a dose of 100
mg/kg could significantly increase the mRNA expression
of Olig2 (P<0.01). The relative mRNA expression level
of GFAP was significantly increased in the CPZ+Veh
treated mice compared to the control mice (P<0.001)
while both doses of FA could significantly decrease
mRNA expression of GFAP compared to the CPZ+Veh
group (P<0.01). The mRNA expression level of MBP in
the CPZ+Veh group didn’t show a significant difference
compared to the control group but FA at a dose of 10 mg/
kg causes a significant increase in the mRNA expression
level of MBP compared to CPZ+Veh group (P<0.01).

Fig.4: The effect of different doses of FA on mRNA expression of the
genes involved in myelination. Data are expressed as the mean + SEM
and analysed using one-way ANOVA followed by post hoc Turkey’s test. *;
Significant difference when compared to the control group, #; Significant
difference when compared to CPZ group, *; P<0.05, #; P<0.05, **; P<0.01,
and ##; P<0.01.

Discussion

Our findings showed that oral administrations of
FA could improve cognitive impairment and motor
coordination in the CPZ model of demyelination and MS
in mice. FA can also reduce CC demyelination, apoptosis,
the expression of the genes involved in demyelination
(GFAP), and increase the expression of genes involved
in the myelination, neuronal, glial protection, and growth
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(e.g. Olig2, MBP, and BDNF).

The CPZ model has been widely used for experimental
studies on demyelination disorders and MS, and this
chemical is able to cause behavioral, histological,
and molecular changes such as those seen in MS (19,
20). Moreover, studies have shown that CPZ causes
demyelination, apoptosis, and activation of neuroglia in
the CNS (21, 22).

The results of the present study on the effect of CPZ
on cognitive function are consistent with the previous
studies showing that the CPZ-treated mice had higher
arm entrance (13) and a lower percentage of spontaneous
alternation in the Y-maze apparatus (23). Also, cognitive
impairment in the contextual/cued fear conditioning tests
observed in this study was similar to the previous study
that indicated the CPZ-treated mice had significantly
lower levels of freezing behavior than vehicle-treated
mice (24).

FA is an antioxidant, found in vegetables, fruits,
cereal, coffee, and beer (25). It can protect cells from
oxidative stress by increasing the activity of several
antioxidant enzymes and by modulating several cellular
functions (26). Our results indicated that FA decreased
the number of arm entries and spontaneous alternation
behavior compared to CPZ+Veh mice in Y-maze tasks.
Some reports indicated that FA could improve impaired
cognitive function through different mechanisms (27,
28). While other few studies have shown that FA does
not affect the number of arm entries or spontaneous
alternation behavior (29, 30). The controversial results
can be attributed to the different doses or time courses of
FA administration.

CPZ could induce apoptosis in OLs, the reaction
that activates microglia/macrophages and leads to the
destruction of myelin sheets (31). The p53 mMRNA level
expression upregulated in CC after administration of
CPZ treated diet in mice (32). The p53 as a proapoptotic
protein has an essential role in OLs death so that in the
transgenic animals, the p53 gene has been knocked out,
revealing no obvious apoptosis and OLs death followed
by CPZ treatment (32, 33). Also, repeated treatments with
pifithrin-a, as a p53 inhibitor, could reduce demyelination
and microglial activation (32) . In this study, FA could
attenuate the apoptotic rate in the CC of the mice treated
with CPZ; the findings can be attributed to the p53
inhibition by FA. These reports are also in accordance
with the previous studies that showed FA is an anti-
apoptotic factor that can exert its effect by suppressing
caspase3 activity (34) and reducing p53 level in the
neuronal cells (35).

Olig2 is a transcription factor that regulates neuronal
and glial specifications and promotes OLs differentiation
from its precursor cells, especially after cortical injury
(36). The increased level of Olig?2 in the subventricular
zone of CPZ-feeding mice indicates that Olig2 is a
key regulator in the period of remyelination after
myelin sheet destruction (37). It has been reported that



in vivo and in vitro administrations of FA accelerate the
proliferation and differentiation of neural progenitor
(9) and Schwann cells (38). Indeed, our study results
are in agreement with the above-mentioned evidence
that implies FA could increase Olig2 mRNA expression
in CC.

MBP is a major constituent of myelin sheet and its
expression significantly decreased in the CC of mice
treated with CPZ (21). As observed in our study, FA could
increase the expression of MBP mRNA in the Schwann
cells (38). The increment in myelin sheet synthesis and
development of OLs may be attributed to the effect of
FA on the elevation in MBP expression. Previous studies
reported that FA treatment could increase the population
of myelinated axons after sciatic nerve injury (11).

BDNF is aneurotrophic factor demonstrating an essential
role in accelerating of OLs precursor proliferation and
development (39). Also, BDNF promotes the synthesis of
the protein molecules such as MBP which is a necessary
base material for synthesizing myelin and thickening it.
It has been reported that the level of BDNF was reduced
in the CC of the mice treated with CPZ (40). We found
that FA treatment could potentiate mRNA expression
of BDNF in CC. It may be concluded that the part of
beneficial effects of FA exert through the increase in the
OLs precursor proliferation and development mediated
by BDNF and MBP.

Astrogliosis, as a response to acute or chronic
demyelination, was observed after different types of
demyelination disorders or in animals that received a CPZ
diet (39). In agreement with our findings, some studies
show that FA could reduce the level of GFAP after CNS
injury which indicates that it can attenuate the rate of
gliosis (7).

Conclusion

The results of the present study showed that FA
improved demyelination, motor incoordination, and
cognitive dysfunction in the laboratory model of MS. FA
could increase myelin density and decrease the apoptotic
rate in the brain affected by a CPZ. These effects are
partially mediated by reducing the expression of genes
involved in apoptosis and an increase in the expression of
the OLs precursor proliferation and development.
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Abstract

Objective: Angiogenesis has critical roles in several physiological processes. Restoring angiogenesis in some
pathological conditions such as a few vascular diseases can be a therapeutic approach to controlling this issue.
Mesenchymal stem cells (MSCs) secrete specific intracellular products known as extracellular vesicles (EVs) with high
therapeutic potential which compared to their source cells, do not have the limitations of cell therapy. The angiogenic
effect of the human umbilical cord MSCs (hUCMSCs)-derived small EVs are evaluated in the present work. Aim of this
research is to show that hUCMSCs-derived small EVs cause differentiation of genes involved in angiogenesis like
FGFR-1, FGF, VEGF, and VEGFR-2.

Materials and Methods: In this experimental study, MSCs were isolated from the human umbilical cord, and after
confirming their identities, their secreted EVs (including exosomes) were extracted by ultracentrifugation. The isolated
small EVs were characterized by dynamic light scattering (DLS), transmission electron microscopy (TEM), bicinchoninic
acid assay (BCA), and Western Blotting. Then, the human umbilical vein endothelial cells (HUVECs) were treated
with derived small EVs for 72 hours, and the expression of the angiogenic factors including FGFR-1, FGF, VEGF,
and VEGFR-2 was evaluated by quantitative real-time-polymerase chain reaction (QPCR). Angiogenesis was also
evaluated via a tube formation assay.

Results: The results demonstrated that FGFR-1, FGF, VEGF, and VEGFR-2 could be elevated 2, 2, 3.5, and 2 times,
respectively, in EVs treated HUVECS, and derivative EVs can encourage tube formation in HUVECs.

Conclusion: These findings imply that hUCMSCs-derived small EVs are valuable resources in promoting angiogenesis

and are very promising in cell-free therapy.
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Introduction

The process of angiogenesis encompasses new blood
vessel construction from old veins (1). Angiogenesis is a
complex multi-stage process in which inactive endothelial
cells are stimulated with angiogenic factors such as
vascular endothelial growth factor (VEGF), fibroblast
growth factor (FGF or bFGF), hepatocyte growth factor
(HGF), transforming growth factor-beta (TGF-), and are
organized in a tubular structure (2). Among angiogenic
inducing factors, VEGF and FGF are very important and
well-known factors. As a crucial physiological process,
angiogenesis plays a significant role in rehabilitating
tissues, healing wounds, menstrual cycles, and helping
in the treatment of some diseases such as cancer.
Increasing angiogenesis is a therapeutic approach for
people who suffer from acute ischemia (3). Angiogenesis
is dependent on the exact balance between stimulation
and natural inhibitors in the body. If the balance deviates
from its normal state, some pathological conditions such
as atherosclerosis, proliferation, and metastasis of tumors
occur. On the other hand, inducing angiogenesis can be
supportive in some diseases. Therefore, it is necessary to

study the mechanisms of angiogenesis and its improvement
in some pathological conditions (1, 4).

Cell therapy has been considered for various kinds of
diseases during the last decades, and for this purpose,
different stem cells (especially mesenchymal stem cells,
MSCs) were used as a promising therapeutic approach in
several studies (5).

MSCs are multipotent adult non-hematopoietic stem
cells (HSC) with high differentiation, proliferation, and
self-renewal. These cells can be isolated from tissues with
mesodermal origins, including liver, spleen, adipose tissue,
thymus, umbilical cord blood, Wharton’s jelly, placenta, lung,
peripheral blood, dental pulp, and other tissues (6, 7). The
three most important and easiest accessible sources are bone
marrow, adipose tissue, and umbilical cord. Umbilical cord
blood and Wharton’s jelly are the most abundant sources for
MSCs. MSCs from different sources are recognized with the
same phenotype (spindle appearance; similar to fibroblasts)
but with different functions; for example, umbilical cord
MSCs have been shown to induce angiogenesis (8, 9). MSCs
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are important stromal cells in the bone marrow that
can feed and revitalize bone marrow (7). They have an
important role in the regeneration of tissues such as bone,
cartilage, fat, muscle, and tendon. These cells are also
capable of differentiating into adipocytes, osteoblasts,
and chondrocytes in vitro. Furthermore, they are capable
of migrating to damaged tissues and releasing cytokines,
inflammatory mediators, extracellular matrix compounds,
and angiogenic and anti-fibrotic factors (6). These cells
lack the major histocompatibility complex-II (MHC-II)
and stimulus-assisting molecules like CD86, CD40, and
CD8O0 (10). These features made them a good candidate
for the treatment of some diseases, as they were cured by
MSCs. Although there are some drawbacks to cell therapy,
including safety issues, limitations of cell transplants, and
graft versus host disease (GVHD) risk (11).

MSCs exert a unique function by secreting
various cytokines, growth factors, microRNAs,
and extracellular vesicles (EVs) (12). The EVs are
spherical lipid bilayer vesicles containing biogenic
substances like proteins, mMRNA, and microRNA. Their
average size differs from 30 nanometers to several
micrometers. EVs are categorized according to their
size and cell source and are comprised of exosomes,
microvesicles or microparticles, apoptotic vesicles,
etc (13). Exosomes, for example, belong to small EVs
with a diameter of about 30-100 nanometers. They are
derived from endosomes and buds from the plasma
membrane with the same antigens as their cells of
origin’s membrane (14). Common markers between
exosomes are CD9, CD81, and CD63 (tetraspanins)
(15). It was shown that EVs have different functions,
such as removing unwanted substances from the cells.
Exosomes derived from MSCs perform similarly to
MSCs, such as tissue injury regeneration, induction
of angiogenesis and neurogenesis, and immune
modulation. Given the specific disadvantages of cell
therapies, EVs (especially exosomes), as cell products
similar to their source cells, have been gaining
attention as a safe alternative therapeutic approach to
the paracrine function of MSCs (16).

In general, small EVs are diagnostic and prognostic
biomarkers and an effective means for transmitting
therapeutic agents. They can be used to diagnose
and treat various inflammation, heart and metabolic
diseases, neurodegenerative disorders, and malignant
neoplasms (17).

With the available evidence on the benefits of using
MSCs to enhance angiogenesis, we have decided to
assess the effect of hUCMSCs-derived small EVs in
the induction of angiogenesis in vitro.

Materials and Methods

Isolation and culture of mesenchymal stem cells from
human umbilical cord

In this experimental study, The UC sample was obtained
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with the personal consent of donors in Mahdiyeh hospital
(Tehran, Iran) after the child’s birth. The applied protocols
were accepted by the Ethics Committee of Tarbiat
Modares University (IR.MODARES.REC.1397.237).
Under sterile conditions, the umbilical cord specimen
was chopped on a plate using a bistoury, and one-
milliliter collagenase type Il (1 mg/mL, Sigma, USA)
was added and incubated for one hour at 37°C and 5%
CO, until it was dissolved; it was vortexed every 15
minutes and then centrifuged at 300 g for 5 minutes.
The cells (pellet) were cultured in a 75 cm? (T75) culture
flask. Cell culture medium included DMEM/F12 (Bio-
Idea, Iran) supplemented with 10% fetal bovine serum
(FBS) (Gibco’s) and 100 pl of penicillin/streptomycin
(Sigma, USA). After three passages, the cells were used
for further tests (18).

Identification of mesenchymal stem cells

MSCs were identified by assessing the expression
of CD31, HLA-DR, CD34, CD105, CD90, and CD73
markers with the use of flow cytometry after tagging
by a fluorescent antibody (BioLegend). Briefly, cells
were counted after trypsinization and suspended in 3%
bovine serum albumin (1x10° cells per 100 pl). Then
the desired antibodies and their control isotype were
added to 100 pl of the prepared suspensions and after
refrigeration for 45 minutes, they were washed with
PBS, and then flow cytometry analysis was performed
on the samples.

The differentiation of mesenchymal stem cells to
osteoblasts and adipocytes

The differentiation of cells into adipocytes and osteoblasts
was done by adding the differentiation media and then the
evaluation was done by staining with Oil-Red-O 5% and
Alizarin-Red S 2% (Sigma Aldrich, USA) (2, 19). Oil-Red-O
and Alizarin-Red are differential dyes that redden the color of
cells when they bind to fat droplets in adipocytes or calcium
sediments in osteoblasts, respectively.

For cell differentiation into osteoblasts, a medium
composed of DMEM supplemented with 10% FBS,
ascorbate-2-phosphate factors (0.2 mM/ml, Sigma
Aldrich, USA), dexamethasone (0.1 mM, Sigma Aldrich,
USA), and 10 mM beta-glycerol phosphate (Sigma
Aldrich, USA) were used.

The medium for differentiating cells into adipocytes
included DMEM, FBS (10%), insulin (1 pg/ml) (Sigma
Aldrich, USA), dexamethasone (7-10 M, Sigma Aldrich,
USA), and indomethacin (2 uM, Sigma Aldrich, USA).

The MSCs were cultured in 6 well plates after the
confluency of 70%, the medium was removed entirely, and
2 ml of osteoblastic differentiation medium or adipocytic
differentiation medium were added. The medium was
changed twice a week for three weeks. Then staining was
performed on the 21%-day.



Isolation of small extracellular vesicles

With the current methods, exosomes can not be
isolated from other kinds of EVs; for example, by
ultracentrifugation, small EVs can be obtained instead of
pure exosomes.

The third passage of cells was used for small EVs isolation;
after achieving 40% cell confluency, the cell culture
medium was changed with DMEM/F 12 containing 10%
exosome-free FBS (prepared by ultracentrifugation
of FBS at 120,000 g for 2 hours and discarding the
sediment and filtering the supernatant), and then the
medium was collected when cells reached 80% density.
In order to isolate small EVs, a standard method was
used by ultracentrifugation.

Centrifugation was performed at 300g for 10
minutes in the first stage, and the second stage was
performed at 10000g for 20 minutes to separate cells
and debris. The supernatant was then filtered (0.22
Millipore filter) to separate large EVs. Then, two
ultracentrifugation steps were performed at 100000g
for 70 minutes at 4°C (Beckman 60 TI) to pellet the
small EVs. At each stage, the sediments containing
small EVs were washed with 1 ml phosphate-buffered
saline (PBS, pH=7) (20).

A quantitative and qualitative investigation of isolated
extracellular vesicles protein concentration assay

The total protein concentration was determined by the
Bicinchoninic Acid Assay (BCA) method. The BCA
Protein Assay Kit (Biobasic, Canada) was utilized, and
tests were done according to the manufacturer’s protocol.
The standard curve was drawn using successive dilutions
of BSA protein with a certain concentration. The samples
were measured by ELISA reader (BioTeK) at 562 nm and
compared with the standard curve.

Extracellular vesicles’ size determination

The isolated EVs were diluted in 1 ml of PBS (pH=7)
and size was examined using dynamic light scattering
(DLS, Zetasizer, Malvern).

Extracellular vesicles’ morphology evaluation

The morphology and structural integrity of EVs were
visualized by transmission electron microscopy (TEM,
Leo 906).

The immunodetection of extracellular vesicles by
western blotting

Assessing specific markers on isolated EVs was done
by western blotting.

After the separation of cellular proteins, the intended
proteins can be detected with the help of specific
antibodies. For the identification of EVs, tetraspanin
proteins, CD9, CD63, and CD81, are the most common
proteins that can be visualized by Western blotting (21).

Divband et al.

The expression of CD63 and CD9 was evaluated in
this study, as follows: EVs were lysed by lyzing buffer
supplemented with proteinase inhibitors to obtain
the EVs’ total proteins; the isolated proteins were
resolved over sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE). Then in the blotting
stage, the resolved proteins were transferred to the
polyvinylidene difluoride (PVDF) membrane and
treated with primary antibodies (anti-CD9 and anti-
CD63 antibody) (1:1000; Santa Cruz Biotechnology,
CA), followed by horseradish peroxidase (HRP)-
conjugated secondary antibodies (SinaClon, Tehran,
Iran). The luminesce tagged proteins were visualized
using the ECL system. Beta-actin was served as the
protein of control.

Treatment of HUVEC cells with extracellular
vesicles

HUVECs can be used to study the function and
pathology of endothelial cells, such as angiogenesis.
For evaluating the angiogenic effects of EVs,
HUVECs (purchased from a stem cell research
center, Tehran, Iran) were treated with EVs, and
then the angiogenesis-related genes expression and
angiogenesis were examined by quantitative real-time-
polymerase chain reaction (qPCR) and tube formation
assay, respectively.

Investigation of the angiogenesis-related genes

expression in with extracellular vesicles-treated
HUVECs
About 100000 cells of fresh HUVECs were

transferred to a 24-well plate and 400 pl EVs solution
(equal to 50 pg/ml EVs) was added to each well and
incubated for 72 hours, which is the suitable time for
the entrance of EVs into the cells and gene expression.
The untreated cell wells were considered as the
negative control.

Changes in the expression of angiogenic genes,
VEGF, FGF, FGFR-1, and VEGFR-2, were measured
by real-time PCR, as follows: RNA extraction was
performed by TRIzol solution (Yekta Tajhiz Azma,
Iran) based on the manufacturer protocol. Next, cDNA
was synthesized (Pars Tous cDNA synthesis kit, Iran).
Then the cDNAs’ quality was assessed by PCR, and
finally, the target genes were quantified by real-time
PCR using the SYBR Green master mix (Yekta tajhiz
azma, Iran) and Step One Real-time PCR system
(Applied Biosystems, USA). The real-time PCR results
were analyzed using the 2724°T method and expressed
as relative expression of threshold cycle (CT) value
(treated groups compared to control group). Control
genes (or housekeeping genes) are frequently used to
normalize mRNA levels between different samples.
However, the expression level of these genes may
vary among tissues or cells. The cells we used were
HUVECs for which the most common housekeeping
gene is hypoxanthine guanine phosphoribosyl
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transferase (HPRT1) (22). The primers used to perform
the real-time PCR are summarized in Table 1.

Table 1: The primers used for real-time polymerase chain reaction

Gene name  Primer sequences (5°-3") Tm (°C)
VEGFA F: GCCAGCACATAGGAGAGATGAGC 60
R: CGGCTTGTCACATTTTTCTGGT
VEGFR-2 F: ACTCTTCAAATTACTTGCAGGGG 60
R: CTCCAGTGTCATTTCCGATCAC
bFGF F: GGCTTCTTCCTGCGCATCCA 60
R: GCTCTTAGCAGACATTGGAAGA
HPRT1 F: CCTGGCGTCGTGATTAGTG 60
R: TCAGTCCTGTCCATAATTAGTCC
FGFR-1 F: AAACCGTATGCCCGTAGC 61

R: TCCATTATGATGCTCCAGGTG

Tube formation

The angiogenic potential of EVs was assessed by a
tube formation assay to see if they can form a capillary
network. HUVEC S, as a source of endothelial cells, were
cultured in Matrigel (BD Biosciences) coated 24-well
plates, and 50 ug/ml of EVs were added to sample wells;
the controls remained untreated. The cell culture medium
contained high-glucose DMEM supplemented with 10%
FBS. Cell morphology changes were seen under an
inverted microscope for 24 hours.

Statistical analysis

All the treated and control samples were tested in
triplicate. The real-time PCR results were analyzed using
the 22T method and expressed as relative expression
of treated groups compared to the control group. The
evaluated data were shown as mean + SD. Data were
analyzed by the ANOVA statistical method using GraphPad
Prism 8 software (GraphPad Software Inc, CA, USA), and
a P<0.05 was considered statistically significant.

Results

Identification of umbilical cord-isolated mesenchymal
stem cells

Evaluation of cellular immunophenotype

The data from the flow cytometry examination of human
UC-derived cells are shown in Figure 1A. The tested cells
were negative for HSC markers, CD342.04%) ), CD31
(1.00%), and HLA-DR (1.03%) and positive for MSC
markers, CD90 (83%), CD73 (98%), and CD105 (99.0%),
confirming the identification of MSCs.
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Investigation of differentiation properties

Differentiation of umbilical cord MSCs (UCMSCs)
under specific differentiation media into adipocyte and
osteoblast cells was assessed after 21 days using diagnostic
dyes, Oil-red O and Alizarin-Red, respectively. As seen
in Figure 1B, the isolated cells could be differentiated
to either osteoblast or adipocyte cells in contact with the

specific differentiation medium, which is characteristic of
MSCs.

Fig.1: Identification of isolated cells from the human umbilical cord. A.
Flow cytometry histograms for evaluating HSC markers, CD34, CD31,
HLA-DR, and MSCs surface markers, CD73, CD99, and CD105. The
cells were negative for hematopoietic and positive for MSCs markers.
B. In the proximity of differentiation media (after 21 days), isolated
UCMSCs could differentiate into adipocyte or osteoblast cells, shown
in upper and lower panels, respectively. The left panels in each group
are the control cells (magnification, 200X, scale bar: 50 um). Alizarin-
Red and Oil-red O were used to stain calcium-containing osteoblast
and adipocytes, respectively. All the experiments were tested in
triplicate. HSC; Hematopoietic stem cell, MSCs; Mesenchymal stem
cells, and UCMSCs; Umbilical cord mesenchymal stem cells.



Characterizing the extracted extracellular vesicles
Determination of the diameter of extracellular vesicles

As shown in Figure 2A, most of the EVs populations
have an average diameter of 105.7 nm. DLS Technique
was used to obtain the data.

Verification of the quality and structure of the
extracellular vesicles

According to the results obtained through the TEM
technique, Figure 2B shows that EVs have spherical
structures, and the membrane is preserved without being
damaged.

A

Fig.2: Characterization of the hUCMSC-derived EVs. A. Diameter of
isolated EVs was measured by DLS; as shown, the majority of the EVs
population has an average diameter of 105.7 nm. B. According to the
TEM pictures the EVs have a spherical structure, and the membrane is
preserved without being damaged (scale bar: 100 nm). C. Identification
of exosomal markers, CD9 and CD63, by Western blot analysis. All the
experiments were tested in triplicate. hUCMSC; Human Umbilical cord
mesenchymal stem cell, EVs; Extracellular vesicles, DLS; Dynamic light
scattering, and TEM; Transmission electron microscopy.
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Determination of the total protein concentration of
extracellular vesicles

The BCA method measured a concentration of 203.33
ug/ml of EVs, comparing their optical absorption with
the standard curve.

Western blotting

Western blot results (Fig.2C) showed that CD9 and
CD63 (tetraspanins) were highly expressed on the
surface of EVs indicating the presence of exosomes.

Fig.3: Evaluation of the angiogenic effect of the hUCMSC-derived EVs. A.
Detection of VEGF, FGF, FGFR-1, and VEGFR-2 genes expression changes
compared to the control group showed that the expression of these genes
in EVs-treated HUVEC cells increased significantly. Data are presented as
the mean = SD and each group was compared with the control group; the
meaningful changes are represented by asterisks (*; P<0.05, **; P<0.01,
*¥**. P<0.001 and the exact numbers of P value were 0.0007 for VEGF,
0.0033 for FGF, 0.0114 for VEGFR2, and 0.0061 for FGFR1). B. Sequential
tube formation after HUVECs treatment with EVs. Cell elongation, as well
as connection to form a loop is apparent in the figure. Morphological
changes in the cells were observed under the inverted microscope for 24
hours (scale bar: 50 um, magnification, 100x). All the experiments were
tested in triplicate. hUCMSC; Human Umbilical cord mesenchymal stem
cell and EVs; Extracellular vesicles.

Cell J, Vol 24, No 11, November 2022



The Role of hUCMSCs-Derived EVs on Angiogenesis

Angiogenic effect of extracellular vesicles
RNA extraction and Real-time polymerase chain reaction

The expression of some critical angiogenic markers
was measured in HUVECs after treating them with
EVs. The qRT-PCR results were reported as relative
gene expression (using the 2-*4<*analysis method) and
normalization by the housekeeping gene HPRTL1. Data
revealed that expression of FGFR-1, FGF, VEGF, and
VEGFR-2 genes were increased 2, 2, 3.5, and 2 fold,
respectively, in treated cells compared to control groups
(Fig.3A). According to these data, VEGF expression
has increased more than the other genes.

Tube formation assay

Figure 3B demonstrates the tube formation test
results. Increased cell branches, elongation, and
cell connections in the form of a loop are evident,
confirming tube formation.

Discussion

Angiogenesis is a vital event in the body’s physiological
processes during life, such as wound healing and tissue
regeneration. Besides, increasing angiogenesis is highly
effective in controlling many diseases, such as acute
ischemia. Given the importance of angiogenesis, it can
be considered a new therapeutic approach for some
pathological conditions.

Although many factors increase angiogenesis, VEGF
and FGF are the most critical and well-known factors (3,
23, 24).

MSCs are important as feeders of HSCs and play an
important role in the regeneration of tissues by secretion
of growth factors, EVs and cellular contact (7). Due to
their ability to differentiate, autologous transplantation,
and their unique properties, MSCs have received attention
in the treatment of some diseases (25), such as bone tissue
disorders (26), immune disorders (27) and cardiovascular
diseases (28). Three important sources of MSCs are fat,
bone marrow, and umbilical cord (7). MSCs of different
sources have been shown to increase angiogenesis.
Alvaro-Afonso et al. (29) examined the effect of adipose-
derived MSCs (AMSCs) on diabetic foot ulcers (DFUs).
Based on this study, it was concluded that AMSCs are
promising for the treatment of DFUs. In another study by
Zhang et al. (30), the effect of MSCs on the treatment of
cardiovascular and ischemic diseases was studied. MSCs
could differentiate to smooth muscle cells (SMCs) and
endothelial cells (ECs) and release some factors which
help cardiovascular regeneration.

A comparison of bone marrow-derived MSCs with
umbilical cord MSCs by Wang et al. (31) showed that
UCMSC could also induce angiogenesis and improve
blood flow. It was demonstrated that UCMSCs differentiate
into the three germ layers and enhance tissue repair
and modulate immune responses. These cells showed a
more substantial angiogenic effect than BMSCs. In these
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articles, different applications of MSCs with different
sources were shown; these cells have been used to
stimulate angiogenesis and treat various diseases such as
diabetic foot ulcers. In fact, the purpose of this study was
to compare the sources of MSCs used in previous articles
with the umbilical cord. The accessibility, ease of use,
and comfortable extraction of MSCs make them a more
suitable source as compared to previously mentioned
sources for induction of angiogenesis. Other applications
of MSCs are also discussed in these articles.

Considering the disadvantages of cell therapy, the idea
of using a type of EVs, like exosomes, was taken into
account as a new therapeutic strategy. The role of MSCs-
derived exosomes was first studied in 2010 in the mouse
model of myocardial ischemia/reperfusion damage, and
then it was assessed in other disease models (32). EVs
have different functions, such as intercellular signaling,
and have unique properties in terms of concentration,
appearance, and markers (13, 14). EVs also have other
advantages over cell therapy, such as low immunogenicity
(without MHC 1, II) (33), low toxicity, facilitating the
uptake of RNA and protein into damaged cells, the ability
to carry large cargo, and strong protection from enzyme
degradation, inherent stability and the ability to cross the
blood-brain barrier (34).

Exosomes as small EVs have the same therapeutic
effects on diseases as their source cells (16). There have
been numerous studies on MSC-derived exosomes,
which used various sources of MSCs for angiogenesis
induction, and their benefits have been identified.
The effect of UCMSCs-derived exosomes on acute
myocardial infarction has been investigated. According
to the results of such experiments, hUCMSC exosomes
could protect systolic cardiac function and reduce cardiac
fibrosis by protecting myocardial cells against apoptosis,
which might be related to regulating Bcl-2 family gene
expression and promoting angiogenesis (35). In 2016,
Liang et al. (36) examined the effect of exosomes derived
from adipose MSCs (adMSCs) on promoting endothelial
cellangiogenesis. Theresearchersdiscovered thatadMSC-
derived exosomes (adMSCs-Exo) could be absorbed by
endothelial cells and significantly enhance in vitro
and in vivo angiogenesis. The study has also shown that
adMSCs-Exo can translocate miR-125a to endothelial
cells and induce angiogenesis by suppressing angiogenic
inhibitor delta-like 4 (DLL4). Huang et al. (37) examined
the angiogenesis and neurogenesis properties of bone
marrow-derived MSCs exosomes modified with miR-
126 in spinal cord injury (SCI) rats. These exosomes
were used as a means of microRNA transfer for the first
time. It was found that after spinal cord injury, MSC-
derived exosomes (MSC-Exo0) could transfer miR-126 to
the affected spinal cord in rats, and exosomes containing
miR-126 reduce the size of the lesion and improve
function after SCI.

In this study, we used the umbilical cord (Wharton’s
jelly) because angiogenesis is abundant in this tissue and
its other features are being easily accessible, non-invasive



harvesting, better viability, and consistent therapeutic
properties (38, 39). We therefore used hUCMSCs-derived
small EVs. The isolated EVs were identified. They had
desirable properties, including a mean diameter of about
105 nm, the appearance of the bilayer membrane, and the
presence of CD9 and CD63 markers. They were able to
induce angiogenesis in HUVECs, as proved by increased
expression of angiogenic genes, FGFR-1, FGF, VEGF,
and VEGFR-2, and tube forming colonies. Angiogenesis
is mediated mainly by VEGFA/VEGFR2 signaling.
VEGFA causes endothelial proliferation, migration, and
survival via activation of VEGFR2 and its downstream
signal transduction pathways. VEGFA is critical for
physiological and pathological processes. So VEGFA
expression has been increased more (40). Analysis of tube
formation images confirmed that hUCMSCs-derived EVs
could induce tube branching from colonies of HUVECs.

In general, angiogenesis is a complex multi-stage
process involving the activation of inactive endothelial
cells, proliferation, migration, germination of endothelial
cells, formation of tubular structures, maturation, and
stability of newly formed buds, respectively. In this study,
the signaling pathways are such that angiogenic factors
are secreted by hUCMSCs-derived EVs. The secretion of
these factors activates their receptors on endothelial cells
(HUVEC cells) and thus begins angiogenesis. As a result,
the increased expression of the desired genes compared
to the control group was investigated and proven in
our study. Thus, this study provided a new and useful
application of hUCMSCs-derived EVs, i.e., induction of
angiogenesis, which can be valuable in cell-free therapy.
However, factors increasing angiogenesis are not studied
in this study and need further investigation; besides,
animal studies must be done to examine the potential of
tumorgenesis of UCMSCs-derived exosomes.

Conclusion

According to the present study, it has been demonstrated
that hUCMSCs-derived small EVs could lead to
increased expression of angiogenesis-related genes and
the angiogenesis process. Based on these results and
studies at the molecular level, small EVs derived from
the hUCMSCs can be a good candidate for angiogenesis
induction which has valuable potential as a novel cell-free
medication.
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Abstract
Objective: One of the challenges in gene therapy is the transfer of the gene to the target cell. MicroRNAs (miRNAs)
regulate gene expression after transcription by binding directly to the messenger and play a vital role in cell behaviors
and the pathogenesis of some diseases. This study was aimed at developing poly (lactic-co-glycolic acid) (PLGA)-
based nanoparticles (NPs) for gene delivery to endometriotic cyst stromal cells (ECSCs).

Materials and Methods: In this experimental study, endometriosis cells were isolated from women with severe
endometriosis (DIE) and digested by the enzymatic method (40 pg/ml DNAase | and 300 pg/ml collagenase type
3). PLGA-based NPs were synthesized and characterized. The size of sole PLGA NPs and PLGA/miRNA were 60
+ 4 nm and 70 £ 5.1 nm respectively. Poly lactic-co-glycolic-based NPs were used as vector carriers for miRNA 503
transfection in endometriosis cells. The cells were divided into the five groups of control and four doses (25, 50, 75, and
100 pum) of miRNA 503/PLGA at 12, 24, 48, and 72 hours. Viability and apoptosis were evaluated by the MTT assay
and Annexin Kits. Data were analyzed by one-way analysis of variance.

Results: The results show that the size of PLGA/MIRNA complex with dynamic light scattering (DLS) was 70 £ 5.1
nm and zeta potential values of the PLGA/PEI/mIRNA complexes were 27.9 mV. Based on the MTT assay results,
the optimal dose of miRNA 503/PLGA was 75 pym, at which the viability of ECSCs was 52.6% % 1.2 (P<0.001), and
the optimal time was 48 hours. The apoptotic rates of ECSCs treated with PLGA/MIRNA503 (34.75 + 4.9%) were
significantly higher than those of ECSCs treated with PLGA alone (3.35 + 2.58%, P<0.01).

Conclusion: Cell death increased with increasing the concentration of mMiRNA; thus, it can be suggested as a treatment

for endometriosis.
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Introduction

Endometriosis is an estrogen-dependent gynecological
disease in which endometrial tissue is found in unusual
places outside the uterus, ranging from minor lesions on
other healthy pelvic organs to large endometriotic ovarian
cysts. This condition changes the ovaries and causes the
viscera to stick to each other, and this adhesion is the
main cause of pain and infertility in these people (1). Ding
et al. (2) show that the cause of estrogen sensitivity in
endometriosis tissues is related to the activity of neurons.
Inflammation affects the growth of the oocyte, and the
unfavorable environment created by the activity of
macrophages reduces the quality of the oocyte, resulting
in infertility (3). There is also an endocannabinoid system
in the human ovary that is effective in the neuro protection
of cells and has an anti-inflammatory function through
modulating cell survival and proliferation and inducing
apoptosis in normal cells.

In one study a relationship between this system and

ovarian pathologies was shown (4). In endometriosis,
receptors of this system are inhibited and increased
cell inflammation, disease progression, and pain (5).
Endometriosis is classified as a tumor disease by the
World Health Organization (WHO) because it has a
tumor-like structure and behaves like cancer in terms of
invading other tissues. In fact, endometriosis, like cancer
cells, attacks tissues, induces angiogenesis, increases the
production of estrogen, impairs immune function, and
causes inflammation (6). At present, the best method for
the diagnosis of endometriosis and isolation of invasive
tissues is laparoscopic examination with the histological
confirmation of glands in removed lesions (7). Therefore,
people’s fear of surgery and assuming dysmenorrhea as
normal delay the timely diagnosis of the disease (8).

Today, methods such as gene therapy have been used
in the diagnosis and treatment of diseases. MicroRNAs
(miRNAs) regulate post-transcriptional gene expression
playing a crucial role in proliferation, differentiation, and
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apoptosis, which are key to the diagnosis of endometriosis
(9). miRNAs are involved in cell survival, proliferation,
angiogenesis, and apoptosis, therefore, they are effective in
the pathogenesis of endometriosis (10). In endometriosis,
programmed cell death, which is called apoptosis, is
reduced. Thus, endometriotic tissues develop in the
abdominal and pelvic cavities. Accordingly, there is an
inverse relationship between the severity of endometriosis
and the rate of apoptosis (11). Viral and non-viral vectors
are used for miRNAs transmission. Non-viral gene
delivery vectors, such as inorganic nanoparticles (NPs)
and liposomes, have been used in recent years (12).

One of the best carriers is poly (lactic-co-glycolic acid)
(PLGA), which has been widely used in drug delivery
because it escapes from the endo-lysosome system and
keeps its contents longer. Therefore, it is also suitable
for gene transfer (13). Various miRNAs have been
observed in endometrial and atopic lesions (14). One of
the miRNAs inhibited in endometriosis is miR-503, which
is involved in endometriotic cyst stromal cells (ECSCs)
cell apoptosis. miR-503 inhibits cell cycle in the G0/G1
phase and prevents cell proliferation (15). Since to date,
there is no study that have been measured the effects of
this nanoparticle on apoptosis of endometriosis cells, in
this study we performed the effect of PLGA-micro RNA
delivery on the apoptosis of stromal cells of ovarian
endometrium cysts in vitro.

Materials and Methods
Sampling and culture of human endometriosis tissue

In this experimental study, ovarian endometrioma
cyst walls were removed from women 30 to 40 years at
Hazrat-e Rasool Hospital during laparoscopic surgery.
After washing, the tissue fragments were enzymatically
digested with collagenase and DNAase and incubated
at 37°C with 5% CO, for 90 minutes. Then, the tissue
pieces were passed through filters (45 pm) (16). Cells
cultured at 37°C in a 5% CO, atmosphere in DMEM/F12
medium were supplemented with penicillin (100 U/mL),
streptomycin (100 pg/mL), gentamycin (40 pg/mL), and
5% fetal bovine serum for three weeks, and the culture
medium was changed every 2-3 days when they reached
80% confluency .The research was approved by the
Research Ethics Committee of Iran University of Medical
Sciences (IR.IUMS.REC.1397.1176).

Immunocytochemical analysis of cultured endometriosis
cells

In order to confirm the cyst wall endometrial tissue-isolated
cells,immunocytochemistry was performed for CD10 markers
(17). After 3 weeks, endometriosis cells were detached from
the flask using trypsin/EDTA .The cells were smeared and
incubated with 4% paraformaldehyde at room temperature
for 10 minutes. Triton X-100 was added to the cells to make
the cell membrane permeable to antibodies, then antibodies
were added to the cells at appropriate concentrations in a
1:200 ratio overnight at 4°C. Also, the cells were washed
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thoroughly and stained with Fluorescein isothiocyanate
(FITC)-conjugated anti-mouse Ig antibodies 1:500 for 1 hour
at room temperature in the dark. After a further wash, they
were mounted in glycerol. CD markers were analyzed by
fluorescence microscopy.

Preparing microRNAs

miRNAs 503, including primer (sequence [5° — 37]:
TAGCAGCGGGAACAGTTCTGCAG)  (Fluorescent
marker), were purchased from Pishgam Co. (St Kargar,
Tehran, Iran), and PLGA (Resomer RG502H) with
a 50:50 mole ratio of glycolic acid to lactic acid and a
molecular weight of 12,000 g/mol, polyvinyl alcohol
(PVA, 89 mol% hydrolyzed), Span 80, and Tween 80
were purchased from Sigma (St Louis, MO, USA).

PLGA NPs containing miRNAs were synthesized by using
the water-in-oil-in-water solvent vaporization technique
consisting of an organic phase and two aqueous phases in one
medium (18). To stabilize the dispersed phase, a stabilizer
is needed, the most commonly used of which is polyvinyl
alcohol. This substance in the external aqueous phase creates
a thin layer around the particles. In the organic phase, the
active substance was used at the Span 80 level, and in the
aqueous external phase, Tween 80 level. All the solutions
were prepared in DEPC-treated water, and RNase-free media
were used at all stages. To prepare the desired nano capsule,
the internal aqueous phase was first obtained by creating a
polyplex derived from polyethylene imine) PEI 25 (KDa
and miRNA with a 3: 1 mass ratio. Polyethylene imine is
capable of compressing high molecular chain genetic content
that can produce NPs of appropriate size entering the cell
as endocytosis. First, 0.1% solution of PEI was prepared in
DEPC-treated water. A miRNA solution was also prepared
using DEPC-treated water at a concentration of 100 pmol/pl.
It was then combined in 80 ul of PEI solution containing 90
pg of PEI and 40 pl of miRNA containing 30 pg of miRNA,
and the volume was reached to 0.5 ml by phosphate-buffered
saline (PBS, Merck, USA) and incubated in a thermocycler
at 37°C for 30 minutes.

To prepare the organic phase in solvent evaporation, 10
mg of PLGA was dissolved in 2 ml of organic solvent ethyl
acetate. To form an initial emulsion of 0.5 ml of internal
aqueous phase, 0.5 ml of Span 80 solution at a concentration
of 5 mg/ml was added to the organic phase using Vertex and
an ultrasonic bath. The initial water emulsion was created in
the oil.

This water emulsion was then added dropwise to an oil
containing 5 ml of 8% PVA and 10 mg of Tween 80 as an
outer phase for 3 minutes using a probed ultrasonic device.
The power of 50 watts was subjected to sonication to
form a secondary emulsion. In the final step, the final dual
emulsion solvent diffusion was added to 4 ml of 0.5% PVA
and subjected to magnetic stirring for 4 hours until the ethyl
acetate solvent was used to diffuse the external aqueous
phase containing solid polymer particles. After forming
the nanoparticles, they were separated twice and purified
by centrifugation at 12,000 rpm for 30 minutes and also



suspended in distilled water to remove unloaded miRNA
and additional surfactants in the external aqueous phase
from the surface of NPs (the supernatant was investigated
by dynamic light scattering to determine the separation
efficiency). The nano capsules were finally dried for 24
hours and stored in a refrigerator at a temperature of 4°C
for 24 hours. All of the above steps were performed with
0.5 ml distilled water without drug as internal aqueous
phase (19). Poly lactic-co-glycolic (Resomer RG502H)
with a 50:50 mole ratio of glycolic acid to lactic acid
and a molecular weight of 12,000 g/mol, PVA (89 mol%
hydrolyzed), Span 80 and Tween 80 were purchased from
Sigma (St Louis, MO, USA).

Nanoparticle characterization

Some of the dried powder of PLGA/PEI/miRNA was
dispersed in 1 ml of saline phosphate buffer at pH=7.4 using
an ultrasonic bath, and the zeta potential was measured using
a zeta meter device. The size and morphology of the PLGA
NPs and PLGA modified with PEI /miRNA complexes
onto a copper sheath, carbon coated, were characterized via
transmission electron microscopy (TEM). Finally, the cellular
uptake of NPs was examined by TEM. For the TEM technique,
ECSCs were washed with PBS, then 2.5% glutaraldehyde was
used as a primary fixation for 2 hours. The cells were rinsed
2-3 times with PBS, and free glutaraldehyde was removed.
Then, 1% osmium tetroxide was used as a secondary fixation
for 1.5 hours. The cells were dehydrated in acetone (50%,
70%, 90%, 100%), infiltrated by resin, and finally, embedded
in pure resin (Epon 812, TAAB, UK). Then, 50 nm sections
were stained with uranyl acetate and lead citrate on copper
grade and then imaged with TEM (LEO 906, Zeiss).

Cytotoxicity assay

In this study, ECSCs were divided into the five groups
of control and experimental groups, with cells distributed
in a 96 well plate at a cell density of 20x10° cells per
well in the different concentrations of PLGA/miRNA (25,
50, 75, and 100 uM) and different incubation periods (12,
24, 48, and 72 hours). We performed the MTT assay to
determine the toxicity of PLGA/miRNA. To evaluate the
survival rate, the cells were centrifuged and washed with
PBS and incubated with 100 pl of MTT solution (MTT
tetrazolium salt 5 mg/ ml) for 3-4 hours. Finally, the cells
were centrifuged, and the supernatant was removed. Next,
100 pl of dimethyl sulfoxide (DMSO, Merck, USA) was
added to the wells, and the plates were shaken for 10
minutes in a microplate shaker before observation with the
ELISA reader at 570 nm. The cells were then treated with
the optimum dose obtained, and survival rates compared
with and without nanoparticles.

Apoptosis evaluation

After determining the effective dose of microRNA and
PLGA in cell viability ,the cells were cultured with a dose
of NPs and microRNA/NPs with the lowest viability for
48 hours. Then, the apoptosis rate of cells was assessed
using Annexin V-FITC Apoptosis Detection Kit. That way,
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500ul of the binding buffer was added to the cell plate.

Afterward, 5 pl of Annexin V-FITC and 5 pl of PI at room
temperature were added to the cells and incubated in foil
for 10 minutes. Finally, flow cytometry was performed,
and the rate of apoptosis in cells was evaluated (20).

Transplantation of endometriosis cells to mice

In this experiment, 12 mice NMRI (n=6 in each groups)
(6-8-weeks-old) with 25 + 1 g weight were divided into two
groups. In the first group, cells that had only PLGA added
to their culture medium were injected, and in the second
group, cells treated with PLGA/miRNA were injected. The
animals were kept in university laboratory’s animal house.
To weaken the immune system of the mice, they were
treated with a single dose of 7.5 Gy y-irradiation for 6 min
(21). After 72 hours, cells were transplanted to the back of
the thigh of the mice. The mice were anesthetized with the
intra peritoneal injection of a mixture of 100 mg/kg ketamine
hydrochloride 10% (Rotexmedica, Germany) and 10 mg/kg
xylazine 2% (Alfasan, Holland). Then, 20 uL of suspension,
including 2x10° cells at the fourth passage, was injected
subcutaneously into the back of the right front limb in each
group. All the mouses were observed for 3 weeks.

Statistical analysis

Data were analyzed using One-way analysis of variance
(ANOVA) to compare different groups. The analysis was
performed by using of SPSS, version 16 (Chicago, IL,
USA). Results were expressed as mean + SEM, and a
P<0.05 was considered significant.

Results

Sampling and culture of human endometriosis tissue

The stromal cells were harvested from endometriosis cell.
One week after digestion and culture, size and morphology
of them were similar to fibroblast cells. At the end of third
week cell confluency was 2x10° cells/ml. An aspect on the
phase contrast microscopy of the third passage of the culture
derived from an ovarian endometrioma is presented in Figure
1A, B. The cultured cells were confirmed to be positive for
CD10 antigen (Fig.1C).

Characterization of nanoparticless/miRNA complexes

The particle size and surface morphology of the NPs were
examined by TEM, DLS, and Zeta potential (Fig.2A-C).
PLGA NPs with a size below 100 nm are effective in gene
transfer (22). In this study, the mean diameter of the sole
PLGA NPs was 60 + 4 nm, whereas the size of PLGA/
miRNA complex with DLS was increased to 70 £ 5.1 nm.
The surface charge index of NPs is determined by Zeta
potential. For the endocytosis of particles into the cell,
a more positive particle load leads to a stronger bond to
the cell membrane surface and easier penetration to the
cell. In this study, zeta potential values of the PLGA/PEI/
miRNA complexes were 27.9 mV. The cellular uptake of
NPs is shown by TEM (Fig.2D).
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A B

Fig.1: The structure of endometriosis cells in the culture medium. Size and morphology of them were similar to fibroblast cells. A. Endometriosis cells one
week after planting, B. The end of the third week of culture (scale bar: 50 um). C. Immunocytochemistry of endometriosis cells with CD10 marker (scale

bar: 30 um).

A B

Fig.2: Nanoparticle evaluation tests. A. Zeta potential, B. The particle size based on the DLS test, C. Electron microscope image of PLGA showed spherical
surface in all nanoparticles (scale bar: 500 nm), and D. As shown, the nanoparticles have accumulated in the nucleus and cytoplasm (scale bar: 1 um). DLS;

Dynamic light scattering and PLGA; Poly lactic-coglycolic acid.

Cell viability

The viability indices of cells for the control and 25,
50, 75, and 100 uM PLGA/miRNA concentrations were
97.3%, 91.3%, 85.6%, 81.4%, and 70.2% in 12 hours,
98%, 88.4%, 80.4%, 78.8%, and 68.1% in 24 hours, and
97.3%, 70.3%, 64.2%, 52.6%, and 47.9% in 48 hours,
and 98%, 66.8%, 60.3%, 49.9%, and 44.6% in 72 hours,
respectively. The survival rate of stromal cells at the
concentrations of 25, 50, 75, and 100 uM PLGA/miRNA
decreased compared to the control group at 12, 24, 48, and
72 hours in a time- and dose- dependent manner.

The results showed that with increasing incubation time
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from 24 hours to 48 hours, the survival rate decreased, and
with increasing time to 72 hours, cell survival decreased,
but no significant difference was observed in this regard
between 24 hours and 72 hours. Therefore, the incubation
time was 48 hours. Also, in comparison with the survival
rate in different doses, the survival rate decreased with
increasing concentration, but as the figures shows, no
significant difference was observed between 75 pm and
100 um concentrations; therefore, 75 um doses were
selected (P<0.001, Fig.3). The cells were then incubated
at a dose of 75 pm of PLGA for 48 hours, and the survival
rate was assessed. The cell viability rates in the control
and treated groups were 98.4% and 89.9%, respectively,



which showed a significant difference in the survival of
cells treated with PLGA/miRNA (Fig.4).

Fig.3: Based on MTT test, treatment with 75 um miR-PLGA for 48 hours
was selected; significant differences between groups were observed
(P<0.001). MTT; (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide and PLGA; Poly lactic-co-glycolic acid.

Fig.4: Based on MTT test, significant differences in survival rate with and
without miRNA were observed (P<0.001). MTT; (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide and PLGA; Poly lactic-co-glycolic acid.

Apoptosis evaluation in ECSCs after treatment with
PLGA/MIRNA503

Apoptosis was measured using the annexin V-FITC
apoptosis detection kit. The rate of apoptosis in control
group was 0.98 = 0.1 (Fig.5A). The result showed that total
apoptosis in ECSCs treated with PLGA miRNAS503 (35.66
+ 4.6%) were significantly higher than those of cells treated
with PLGA (3.76 + 1.19%, P<0.01, Fig.5B, C).

The gross morphology of endometriosis lesion
The macroscopic observation of endometriosis lesions

Chaichian et al.

in the two models are presented in Figure 6. In the first
group, cells were treated with PLGA alone, and in the
second group, they were treated with PLGA/miRNA. As
shown in the figure, in the second group, the rate of cell
apoptosis was higher, and tumor size was smaller. These
lesions had a cystic morphology and were distinguished
from the surrounding tissues.

Fig.5: Based on the annexin assay. A. Flow cytometry of cells in the control
group, B. PLGA-treated group, and C. PLGA/miRNA 503-treated group,
result show that the apoptotic rates of the ECSCs treated with PLGA
miRNA503 were significantly higher than those of cells treated with PLGA
(P<0.01).
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A

Fig.6: In both groups, cells was injected subcutaneously into the back of
the right front limb. After 3 weeks, the endometriosis lesions in two models
were shown. A. PLGA-treated cell injection and B. PLGA/miRNA503-
treated cell injection.

Discussion

Endometriosis is a benign disease of the female
reproductive system, which is associated with increased
angiogenesis and defects in cellular apoptosis (23) that
behaves like a cancer in terms of aggressiveness (24).
In one study, plant compounds with anti-inflammatory
properties have been used to upturn the apoptotic effect of
drugs in the treatment of cancer, and it has been observed
that cell proliferation and angiogenesis were inhibited
(25). Due to increase in the percentage of women with
endometriosis and its common complications, including
chronic pelvic pain and infertility, a non-surgical
diagnosis is absolutely desirable (26). As the standard
diagnostic modality for endometriosis is still laparoscopy,
which carries many risks for the patient (27), a number of
studies have been performed in this regard. For example,
Samartzis et al. (28) used Doxycycline to inhibit the
progression of endometriotic stromal cells in vitro.

NPs through structural mitochondrial damage are
effective in causing apoptosis and cell necrosis (29).
Nanomaterials in the treatment of endometriosis are
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accumulation in endometriotic tissues. Chaudhury et al.
(30) used cerium oxide NPs in an endometriosis-induced
mouse model and observed the inhibition of angiogenesis.
In another study, plant nanocomposites were used to
induce apoptosis and necrosis of endometriotic stromal
cells (31). NPs can be synthesized from various natural
or synthetic lipids, proteins, metals, and polymers, one
of the synthetic polymers used in numerous biomedical
applications is PLGA (32). Poly lactic-co-glycolic
NPs as drug delivery systems in antibiotic therapy,
chemotherapy, and anti-inflammatory drugs have proven
their potential (33). Shabani et al. (34) investigated
the anticancer activity of cisplatin conjugated with
PLGA NPs for elimination of mouse malignant cells
from normal cell and observed that apoptosis rate of
tumor cell was higher than free drug. Singh et al. (35)
used the combination of doxycycline and PLGA NPs
for the treatment of endometriosis and observed that
angiogenesis was inhibited. Also used from letrozole
and curcumin loaded-PLGA NPs for endometriosis in a
mouse model. Guo et al. (36) injected endometriosis cells
subcutaneously, and then the animal model was treated
with two different types of NPs of different sizes (10
nm vs. 40 nm) by intravenous injection; they observed a
regression of endometriosis. Li et al. (37) evaluated iron
oxide NPs (15 nm) modified with hyaluronic acid in a rat
model of endometriosis and reported that these NPs could
accumulate in CD44 expressing tumors.

One biomarker that can be used in research is miRNAs,
which raise as potent regulators of gene expression in
proliferation, cell survival, and angiogenesis in some
disease such as endometriosis (38). Shams et al. (19, 39)
have shown that miRNAs are tumor suppressors, they used
two effective miRNAs (143 and 206) to induce apoptosis
in cancer cells. Hirakawa et al. (15) found that one miRNA
in stromal cell of ovarian endometriosis, which inhibits
cell proliferation and induction of apoptosis, is miRNA
503 that was epigenetically inhibited. Thus, we developed
a PLGA-based nanoparticle polyplex with miRNA
expression to induce apoptosis in endometriosis cells. Our
results demonstrated that the cytotoxicity PLGA/miRNA
503 increased in ECSCs in comparison to PLGA. After the
incubation of ECSCS with PLGA/miRNA 503, apoptosis
evaluation was performed by using an annexin V-FITC
apoptosis detection kit. The results showed that the
apoptotic rates of PLGA miRNA 503 were significantly
higher than those of PLGA, which is consistent with other
studies (40). After the incubation of cells with PLGA
miRNA and imaging by TEM, the presence of NPs in the
nucleus and cytoplasm of cells was confirmed, which is
in line with studies that showed that NPs with a size of
10-150 nm and surface charge of +30 — —20 mV could
accumulate in endometriotic tissues (36).

Conclusion

We reported the synthesis and characterization of
PLGA/miRNA and its in vitro effects on the viability
of ECSCs. In addition, our results demonstrated that



miRNA 503 reduced cell proliferation and progressed
apoptotic rate in endometriotic cells. The obtained results
support the use of the optimal dose of PLGA miRNA as
an effective approach for preventing the progression of
endometriosis.

Acknowledgments

This study was funded by a grant from Iran University
of Medical Sciences (IUMS). We would like to give
great thanks to the Nanotechnology Department of Iran
University of Medical Sciences. The authors declare that
there is no conflict of interest in this study.

Authors’ Contributions

N.E., Sh.Ch.,, AMK., K.T., V.P.-M., S.M.; Contributed
to conception and design, data and statistical analysis, and
interpretation of data. N.E.; Contributed to experimental
work and wrote the manuscript, V.P.M.; Performed
transmission electronic microscopy process. Sh.Ch.; Was
responsible for overall supervision. All authors performed
editing and approving the final version of this manuscript
for submission, also approved the final draft.

References

1. Cranney R, Condous G, Reid S. An update on the diagnosis,
surgical management, and fertility outcomes for women with en-
dometrioma. Acta Obstet Gynecol Scand. 2017; 96(6): 633-643.

2. Ding S, Guo X, Zhu L, Wang J, Li T, Yu Q, et al. Macrophage-
derived netrin-1 contributes to endometriosis-associated pain.
Ann Transl Med. 2021; 9(1): 29.

3. Orazov MR, Radzinsky VY, Ivanov II, Khamoshina MB, Shus-
tova VB. Oocyte quality in women with infertility associated en-
dometriosis. Gynecol Endocrinol. 2019; 35 Suppl 1: 24-26.

4. Ronchi A, Grauso F, Marino FZ, Quagliariello V, Maurea N, Fac-
chini G, et al. Endocannabinoid system expression in ovarian
epithelial tumors according to the dualistic model of ovarian car-
cinogenesis. Eur Rev Med Pharmacol Sci. 2021; 25(14): 4678-
4686.

5. Tanaka K, Mayne L, Khalil A, Baartz D, Eriksson L, Mortlock SA,
et al. The role of the endocannabinoid system in aetiopatho-
genesis of endometriosis: a potential therapeutic target. Eur J
Obstet Gynecol Reprod Biol. 2020; 244: 87-94.

6. Guo SW. Endometriosis and ovarian cancer: potential benefits
and harms of screening and risk-reducing surgery. Fertil Steril.
2015; 104(4): 813-830.

7. Schleedoorn MJ, Nelen WL, Dunselman GA, Vermeulen N; En-
doKey Group. Selection of key recommendations for the man-
agement of women with endometriosis by an international panel
of patients and professionals. Hum Reprod. 2016; 31(6): 1208-
1218.

8. Mechsner S. Endometriosis: an often unrecognized pain disor-
der. Schmerz. 2016; 30(5): 477-490.

9. Raja MHR, Farooqui N, Zuberi N, Ashraf M, Azhar A, Baig R,

et al. Endometriosis, infertility and MicroRNA's: a review. J Gy-

necol Obstet Hum Reprod. 2021; 50(9): 102157.

Mari-Alexandre J, Barcel6-Molina M, Belmonte-Lépez E,

Garcia-Oms J, Estellés A, Braza-Boils A, et al. Micro-RNA pro-

file and proteins in peritoneal fluid from women with endome-

triosis: their relationship with sterility. Fertil Steril. 2018; 109(4):

675-684. e2.

Shracia M, Valeri C, Antonini G, Biagiotti G, Pacchiarotti A, Pac-

chiarotti A. Fas and Fas-ligand in eutopic and ectopic endome-

trium of women with endometriosis: the possible immune privi-

lege of ectopic endometrium. Reprod Sci. 2016; 23(1): 81-86.

Bai Z, Wei J, Yu C, Han X, Qin X, Zhang C, et al. Non-viral na-

nocarriers for intracellular delivery of microRNA therapeutics. J

Mater Chem B. 2019; 7(8): 1209-1225.

10.

11.

12.

703

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Chaichian et al.

Ramezani M, Ebrahimian M, Hashemi M. Current strategies
in the modification of PLGA-based gene delivery system. Curr
Med Chem. 2017; 24(7): 728-739.

Mari-Alexandre J, Sanchez-lzquierdo D, Gilabert-Estellés J,
Barcel6-Molina M, Braza-Boils A, Sandoval J. miRNAs regula-
tion and its role as biomarkers in endometriosis. Int J Mol Sci.
2016; 17(1): 93.

Hirakawa T, Nasu K, Abe W, Aoyagi Y, Okamoto M, Kai K, et
al. miR-503, a microRNA epigenetically repressed in endome-
triosis, induces apoptosis and cell-cycle arrest and inhibits cell
proliferation, angiogenesis, and contractility of human ovarian
endometriotic stromal cells. Hum Reprod. 2016; 31(11): 2587-
2597.

Brueggmann D, Templeman C, Starzinski-Powitz A, Rao NP,
Gayther SA, Lawrenson K. Novel three-dimensional in vitro
models of ovarian endometriosis. J Ovarian Res. 2014; 7: 17.
Konrad L, Kortum J, Nabham R, Gronbach J, Dietze R, Oehmke
F, et al. Composition of the stroma in the human endometrium
and endometriosis. Reprod Sci. 2018; 25(7): 1106-1115.
Swider E, Koshkina O, Tel J, Cruz LJ, de Vries I1IM, Srinivas M.
Customizing poly(lactic-co-glycolic acid) particles for biomedi-
cal applications. Acta Biomater. 2018; 73: 38-51.

Shams A, Shabani R, Najafi M, Karimi M, Pirhajati V, Asghari
Jafarabadi M, et al. Therole of MicroRNA 143 and MicroRNA
206 in the regulation of apoptosis in mouse lukemia cancer cells
and spermatogonial cells. Cell J. 2021; 23(5): 544-551.
Crowley LC, Marfell BJ, Scott AP, Waterhouse NJ. Quantitation
of apoptosis and necrosis by annexin V binding, propidium io-
dide uptake, and flow cytometry. Cold Spring Harb Protoc. 2016;
2016(11).

Jafarabadi M, Salehnia M, Sadafi R. Evaluation of two endome-
triosis models by transplantation of human endometrial tissue
fragments and human endometrial mesenchymal cells. Int J Re-
prod Biomed. 2017; 15(1): 21-32.

Rai R, Alwani S, Badea |. Polymeric nanopatrticles in gene ther-
apy: New avenues of design and optimization for delivery ap-
plications. Polymers (Basel). 2019; 11(4): 745.

Delbandi AA, Mahmoudi M, Shervin A, Heidari S, Kolahdouz-
Mohammadi R, Zarnani AH. Evaluation of apoptosis and an-
giogenesis in ectopic and eutopic stromal cells of patients with
endometriosis compared to non-endometriotic controls. BMC
Womens Health. 2020; 20(1): 3.

Dahiya A, Sebastian A, Thomas A, George R, Thomas V, Peedi-
cayil A. Endometriosis and malignancy: the intriguing relation-
ship. Int J Gynaecol Obstet. 2021; 155(1): 72-78.

Quagliariello V, Berretta M, Buccolo S, lovine M, Paccone A,
Cavalcanti E, et al. Polydatin reduces cardiotoxicity and en-
hances the anticancer effects of sunitinib by decreasing pro-ox-
idative stress, pro-inflammatory cytokines, and NLRP3 inflam-
masome expression. Front Oncol. 2021; 11: 680758.

Riley KA, Benton AS, Deimling TA, Kunselman AR, Harkins GJ.
Surgical excision versus ablation for superficial endometriosis-
associated pain: a randomized controlled trial. J Minim Invasive
Gynecol. 2019; 26(1): 71-77.

Mehrdad Moghimi M, Bahram Moazzami M. Comparing the ef-
ficacy of surgery and medical therapy for pain management in
endometriosis: a systematic review and meta-analysis. Pain
Physician. 2017; 20: 185-95.

Samartzis EP, Fink D, Stucki M, Imesch P. Doxycycline reduces
MMP-2 activity and inhibits invasion of 12Z epithelial endome-
triotic cells as well as MMP-2 and-9 activity in primary endo-
metriotic stromal cells in vitro. Reprod Biol Endocrinol. 2019;
17(1): 38.

Eslahi N, Shakeri-Zadeh A, Ashtari K, Pirhajati-Mahabadi V, To-
hidi Moghadam T, Shabani R, et al. In vitro cytotoxicity of folate-
silica-gold nanorods on mouse acute lymphoblastic leukemia
and spermatogonial cells. Cell J. 2019; 21(1): 14-26.
Chaudhury K, Babu KN, Singh AK, Das S, Kumar A, Seal S.
Mitigation of endometriosis using regenerative cerium oxide na-
noparticles. Nanomedicine. 2013; 9(3): 439-448.

de Almeida Borges VR, Tavares MR, da Silva JH, Tajber L, Boy-
lan F, Ribeiro AF, et al. Development and characterization of
poly(lactic-co-glycolic) acid nanoparticles loaded with copaiba
oleoresin. Pharm Dev Technol. 2018; 23(4): 343-350.
Chenthamara D, Subramaniam S, Ramakrishnan SG, Krish-

Cell J, Vol 24, No 11, November 2022



Effect of Nano-Delivery of MiRs on Endometriosis Cells Apoptosis

33.

34.

35.

36.

naswamy S, Essa MM, Lin F-H, et al. Therapeutic efficacy of
nanoparticles and routes of administration. Biomater Res. 2019;
23: 20.

Berthet M, Gauthier Y, Lacroix C, Verrier B, Monge C. Nano-
particle-based dressing: the future of wound treatment? Trends
Biotechnol. 2017; 35(8): 770-784.

Shabani R, Ashjari M, Ashtari K, Izadyar F, Behnam B, Khoei S,
et al. Elimination of mouse tumor cells from neonate spermato-
gonial cells utilizing cisplatin-entrapped folic acid-conjugated
poly (lactic-co-glycolic acid) nanoparticles in vitro. Int J Nano-
medicine. 2018; 13: 2943-2954.

Singh AK, Chakravarty B, Chaudhury K. Nanoparticle-assisted
combinatorial therapy for effective treatment of endometriosis. J
Biomed Nanotechnol. 2015; 11(5): 789-804.

Guo X, Li W, Zhou J, Hou W, Wen X, Zhang H, et al. Specific
photothermal ablation therapy of endometriosis by targeting de-
livery of gold nanospheres. Small. 2017; 13(15): 1603270.

Cell J, Vol 24, No 11, November 2022

704

37.

38.

39.

40.

Li J, He Y, Sun W, Luo Y, Cai H, Pan Y, et al. Hyaluronic acid-
modified hydrothermally synthesized iron oxide nanoparticles
for targeted tumor MR imaging. Biomaterials. 2014; 35(11):
3666-3677.

Braza-Boils A, Mari-Alexandre J, Gilabert J, Sanchez-lzquierdo
D, Espafa F, Estellés A, et al. MicroRNA expression profile in
endometriosis: its relation to angiogenesis and fibrinolytic fac-
tors. Hum Reprod. 2014; 29(5): 978-988.

Shams A, Shabani R, Asgari H, Karimi M, Najafi M, Asghari-
Jafarabadi M, et al. In vitro elimination of EL4 cancer cells from
spermatogonia stem cells by miRNA-143-and 206-loaded fo-
lic acid-conjugated PLGA nanoparticles. Nanomedicine. 2022;
17(8): 531-545.

Wang F, Salvati A, Boya P. Lysosome-dependent cell death and
deregulated autophagy induced by amine-modified polystyrene
nanoparticles. Open Biol. 2018; 8(4): 170271.




	OLE_LINK7
	article1.body1.sec2.sec12.p1
	OLE_LINK5
	OLE_LINK4
	OLE_LINK2
	OLE_LINK1
	OLE_LINK1
	_Hlk92490922

