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

I. Debate

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 here. This guide explains how to prepare 



the manuscript for submission. Before submitting, we suggest authors to familiarize themselves with Cell J format and content 
by reading the journal via the website (www.celljournal.com). The corresponding author ensures that all authors are included 
in the author list and agree with its order, and they must be aware of the manuscript submission.

A. Author contributions statements

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

B. Cover letter and copyright

Each manuscript should be accompanied by a cover letter, signed by all authors specifying the following statement: "The 
manuscript has been seen and approved by all authors and is not under active consideration for publication. It has neither 
been accepted for publication nor published in another journal fully or partially (except in abstract form). Also, no manuscript 
would be accepted in case it has been pre-printed or submitted to other websites. I hereby assign the copyright of the enclosed 
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.

Materials and Methods: It includes the exact methods or observations of experiments. If an apparatus is used, its manufacturer’s 
name and address should be stipulated in parenthesis. If the method is established, give reference but if the method is new, give 
enough information so that another author can perform it. If a drug is used, its generic name, dose, and route of administration 
must be given. Standard units of measurements and chemical symbols of elements do not need to be defined.

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

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

Clinical trial registration: All of the Clinical Trials performing in Iran must be registered in Iranian Registry of Clinical 
Trials (www.irct.ir). The clinical trials performed abroad, could be considered for publication if they register in a registration 
site approved by WHO or www.clinicaltrials.gov. If you are reporting phase II or phase 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 legend should contain a brief title for 
the whole figure and continue with a short explanation of each part and also the symbols used (no more than 100 words). All 
figures must be prepared based on cell journal’s guideline in color (no more than 6 Figures and Tables) and also in GIF or 
JPEG format.

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

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

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

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

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

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

References: The references must be written based on the Vancouver style. Thus the references are cited numerically in the text 
and listed in the bibliography by the order of their appearance. The titles of journals must be abbreviated according to the style 



used in the list of Journals Indexed in PubMed. Write surname and initials of all authors when there are six or less. In the case 
of seven or more authors, the names of the first six authors followed by "et al." must be listed. You can download Endnote file 
for Journal references style: endnote file

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

Article:

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

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

Book:

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

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

Chapter of book:

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

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

Abstract book:

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

Thesis:

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

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

Internet references

Article:

Example: Jahanshahi A, Mirnajafi-Zadeh J, Javan M, Mohammad-Zadeh M, Rohani M. Effect of low-frequency stimulation 
on adenosineA1 and A2A receptors gene expression in dentate gyrus of perforant path kindled rats. Cell J. 2008; 10 (2): 87-92. 
Available from: http://www.celljournal.org. (20 Oct 2008).

Book:

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

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

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

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

The Journal systematically employs iThenticate, plagiarism detection and prevention software designed to ensure the 
originality of written work before publication. Plagiarism of text from a previously published manuscript by the same or 



another author is a serious publication offence. Some parts of text may be used, only where the source of the quoted material 
is clearly acknowledged.

3. General information 

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

B. The order of article appearance in the Journal is not demonstrating the scientific characters of the authors.

C. Cell J has authority to accept or reject the manuscript.

D. The received manuscript will be evaluated by associate editor. Cell J  uses a single-blind peer review system  and if the 
manuscript suits the journal criteria, we select the reviewers. If three reviewers pass their judgments on the manuscript, 
it will be presented to the editorial board of Cell J. If the editorial board has a positive judgment about the manuscript, 
reviewers’ comments will be presented to the corresponding author (the identification of the reviewers will not be revealed). 
The executive member of journal will contact the corresponding author directly within 3-4 weeks by email. If authors do not 
receive any reply from journal office after the specified time, they can contact journal office. Finally, executive manager will 
respond promptly to authors’  request.

The Final Checklist 

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

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

2. Text of manuscript and References prepared as stated in the "guide for authors" section.

3. Tables should be on a separate page. Figures must be sent in color and also in JPEG (Jpg) format.

4. Cover Letter should be uploaded with the signature of all authors.

5. An ethical committee letter should be inserted at the end of the cover letter. 

The Editor-in-Chief: Ahmad Hosseini, Ph.D.

Cell Journal(Yakhteh)

P.O. Box: 16635-148, Iran
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Abstract
Objective: Epithelial-mesenchymal transition (EMT) and the stemness potency in association with BRAF mutation are 
in dispensable to the progression of melanoma. Recently, microRNAs (miRNAs) have been introduced as the regulator 
of a multitude of oncogenic functions in most of tumors. Therefore identifying and interpreting the expression patterns of 
these miRNAs is essential. The present study sought to find common miRNAs regulating all three important pathways 
in melanoma development.

Materials and Methods: In this experimental study, 18 miRNAs that importantly contribute to EMT and have a role 
in regulating self-renewal and the BRAF pathway were selected based on current literature and cross-analysis with 
available databases. Subsequently, their expression patterns were evaluated in 20 melanoma patients, normal tissues, 
serum from patients and control subjects, and melanospheres. Pattern discovery and integrative regulatory network 
analysis were used to find the most important miRNAs in melanoma progression.

Results: Among 18 selected miRNAs, miR-205, -141, -203, -15b, and -9 were differentially expressed in tumor samples 
than normal tissues. Among them, miR-205, -15b, and -9 significantly expressed in serum samples and healthy donors. 
Attribute Weighting and decision trees (DT) analysis presented evidence that the combination of miR-205, -203, -9, and 
-15b can regulate self-renewal and EMT process, by affecting CDH1, CCND1, and VEGF expression.  

Conclusion: We suggested here that miR-205, -15b, -203, -9 pattern as the key miRNAs linked to melanoma status, 
the pluripotency, proliferation, and motility of malignant cells. However, further investigations are required to find the 
mechanisms underlying the combinatory effects of the above mentioned miRNAs.

Keywords: Epithelial-Mesenchymal Transition, Melanoma, MicroRNA, Network Analysis
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Introduction 
Epithelial to mesenchymal transition (EMT) is that 

major mechanism involved in increasing the mortality 
and morbidity of malignancies including melanoma (1). 
The induction of EMT requires key transcription factors, 
including snail family transcriptional repressor (SNAIL), 
zinc finger E-box binding homeobox (ZEB), and twist 
family bHLH transcription factor (TWIST), that promote 

epithelial cell reprogramming to repress expression of 
adhesion molecules, particularly E-cadherin, to initiate 
migration and invasion (2). The association between the 
EMT process and stem cell properties in cancer cells 
has been reported in various tumor cells (3). Studies 
on malignant tumors, such as melanoma, have reported 
the involvement of cancer stem cells (CSCs) in tumor 
initiation, drug resistance, metastasis, and their possible 
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role in cancer recurrence (4). Moreover, based on genome-
wide analyses, the mutation in the 600th codon of the BRAF 
gene which is the substitution of glutamic acid for valine, 
is present in about 52% of patients with melanoma and 
in nearly 15% of all human cancers (5). BRAF encodes a 
protein belonging to the mitogen-activated protein kinases 
(MAPK) pathway (6), which mediates a significant role 
in the regulation of cell division, cell differentiation, and 
drug resistance (7). On the other hand, through cross talk 
with the PI3K signaling pathway, the oncogenic BRAF 
induces EMT and facilitates cell invasion and metastasis 
(8) and contributing in self rewal potency of melanoma 
stem cells (9). Therefore these three key pathways; EMT, 
stemness and BRAF play important role in melanoma 
progression and targeting them has been proposed as the 
main strategy for successful treatment of melanoma (10). 

miRNAs are an evolutionarily conserved group of small 
regulatory noncoding RNAs with an approximate length 
of 22 nucleotides (11). They regulate gene expression by 
promoting target degradation or translational repression 
not only during normal development, but also under 
condition of various diseases, such as cancers (12). 
Each miRNA can regulate several mRNAs expression. 
Therefore, miRNAs play key roles in the development 
of several cancer-related hallmarks (13) and could 
be considered as prognostic and diagnostic marker, 
tumorigenicity inducer, migration and  even invasion 
regulator (14), in most of cancers including melanoma.

Based on various investigations on the regulatory role 
of miRNAs in melanoma, this study was designed to find 
miRNAs that can simultaneously target multiple processes, 
which involved in melanoma progression including EMT, 
stemness, and BRAF pathway. To this end, we used a 
combination of experimental and computational methods 
to illustrate the miRNAs and their effect in regulating 
melanoma progression.

Materials and Methods
Clinical specimens and human ethics

The present experimental study was conducted with the 
approval of the Ethical Committee of the Royan Institute 
(code: IR ACECR ROYAN REC.1394.111). In order to 
perform this experimental study, melanoma specimens 
were sampled from January 2007 to May 2014 upon the 
approval of the Iranian National Tumor Bank (INTB) 
of the Cancer Institute of Iran, obtained based on INTB 
regulations. The Ethics Committee of INTB had obtained 
patients’ approval according to local authorities. All 
contributors signed a written form of consent to enroll 
in this study. Patients histopathological information, 
including tumor size and depth, lymph-vascular and 
perineural invasion, grade and the clinical tumor/node/
metastasis was recorded and pathologically staged using 
the tumor-nodes metastasis (TNM) staging method 
(15). All specimens were frozen within 20 minutes after 
surgery, using nitrogen vapor based on Tumor Bank 
standard operating protocols.

Twenty patients with malignant melanoma who 
underwent surgery at the Cancer Institute of Iran were 
malignancies were excluded from the study. Normal 
adjacent biopsies were collected from included in this 
research. The malignant melanoma was confirmed based 
on histopathological examination in patients. None of the 
patients had been treated with radio- or chemotherapy prior 
to surgery. Subjects with chronic or acute inflammatory 
diseases, other skin cancers, and/or any other all twenty 
patients as negative controls. In addition, serum samples 
were taken from 11 patients and 5 healthy donors. 

Culture conditions and melanosphere formation 
Three human melanoma cell lines (A375, D10, and 

NA8) with BRAF V600E mutation were kindly provided 
by Prof. Giulio Spagoli (University of Basel, Switzerland). 
Cells were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS), 1% non-essential amino acids (NEAA), 2 
mM L-glutamine, and 1% penicillin/streptomycin (Gibco, 
Germany). Cell culture was performed in an incubator 
operating at 37˚C and 5% CO2. 

The formation of melanospheres was established 
based on a previously published protocol (16). Briefly, 
104 cells/ml were grown in six-well plates coated with 
12 mg/ml poly 2-hydroxyethyl methacrylate (Sigma, 
Germany). Serum-free DMEM containing 1% NEAA, 2 
mM L-glutamine, 1% penicillin/streptomycin, 1x B-27 
supplement (Gibco, Germany), 20 µg/ml epidermal 
growth factor (EGF, Royan, Iran), and 20 µg/ml basic 
fibroblast growth factor (bFGF, Royan, Iran) was used 
for culturing melanospheres. Every 48 hours, fresh B27, 
bFGF, and EGF were added to the culture medium. 
Melanospheres were passaged three times in total, once 
every seven days.

MiRNA selection based on literature and database 
mining

To identify possible miRNAs associated with EMT 
in melanoma, we first performed a systematic search 
on PubMed and Scopus using "microRNA" and 
"melanoma"as keywords in the title of papers published 
between 2007 and 2016. Then we excluded manuscripts if 
there were no correlations with "epithelial-mesenchymal 
transition", "metastasis", and "invasion". Parallel database 
mining was performed by using the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) Pathway Database to 
find genes associated with EMT signaling, the BRAF 
pathway, and stemness. Subsequently, further analysis was 
conducted using miRNA databases, which were available 
in miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/), 
TargetScanHuman (www.targetscan.org/), and miRCancer 
(http://mircancer.ecu.edu/) (17-19), to find miRNAs that 
directly regulate these genes. Finally, potent miRNAs in 
the regulation of self-renewal, invasion, migration, and 
metastasis in malignant melanoma were selected by cross-
analysis of the results of literature and database mining.

http://www.targetscan.org/
http://mircancer.ecu.edu/
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Quantification of miRNAs and mRNA by real-time 
quantitative reverse transcription polymerase chain 
reaction

Trizol® Reagent (Invitrogen, USA) was used to extract 
total RNA from melanoma cells, melanospheres, and 
tissues. Total RNA extraction from serum was performed 
using miRNAeasy kit (Qiagen, USA). All procedures were 
conducted according to the manufacturer’s instructions. 
Reverse transcription of 2 μg of miRNAs and mRNAs was 
carried out using MiR-Amp kit (PARSGENOME, Iran) 
and Thermoscript (TaKaRa, China), respectively. Next, 
real-time quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) using Power SYBR® Green 
(Applied Biosystems®, UK) was applied to quantify the 
expression levels of miRNAs and mRNAs in duplicate 
(7500 Fast qRT-PCR System, Applied Biosystems, CA). 
The qRT-PCR was performed in three step: 30 seconds 
at 95˚C as hold time, 40 cycles of denaturation at 95˚C 
for 5 seconds, annealing at 60˚C for 20 seconds, and 
30 seconds extension at 72˚C. Melting curves were 
determined from 55 to 99˚C. The expression level of each 
miRNA was normalized against U6 snRNA expression 
and GAPDH was used to normalize mRNAs.  The 
quantitative 2-ΔCt method was adopted for calculating the 
individual expression levels of patients’ miRNAs in tumor 
and normal samples. The relative quantitative approach 
(2-ΔΔCt) was used to demonstrate relative expression of 
target genes of miRNAs, and miRNAs and mRNAs levels 
in melanospheres. GraphPad Prism 6 was used for data 
analysis and graph preparation.

Univariate statistical analysis
Categorical variables were assessed using proportion tests 

including Z-test and Fisher’s exact test. t tests were applied 
to compare numerical data (presented as mean ± standard 
error of the mean). The statistical comparisons were 
performed using R software (version 3.0.2), Minitab17, 
and GraphPad Prism version 7 (San Diego, USA). 

MiRNA pattern recognition based on data mining

In an attempt to i. Identify the major miRNAs 
distinguishing between tumor and normal samples, 
ii. Determine the combination and hierarchy of 
miRNAs which had the highest accuracy in predicting 
tumor development, and iii. Calculate the predictive 
power of the created model using cross-validation, a 
comprehensive data mining analysis was applied. For this 
purpose, 10 different attribute weighting models and 176 
combinational decision tree (DT) models were developed.

Attribute weighting

Ten different attribute weighting algorithms were applied 
to determine the main miRNAs that could accurately 
discriminate between melanoma and normal samples 
(Table S1, See Supplementary Online Information at 
www.celljournal.org). Following attribute weighting, the 
weights were normalized and miRNA attributes received 

a value between 0 and 1. Values, which were closer to 
1, showed higher importance of that particular miRNA 
in the discrimination between normal and tumor samples 
according to the employed models. Variables weighted as 
≥0.9 were then selected and with tree induction algorithms 
were used to predict the cancer development.

Decision tree and random forest models
As the most popular supervised learning methods for data 

exploration, DT classifiers facilitate easy interpretation 
by summarizing and transforming data into more 
compact forms with the same essential characteristics 
as the original data. As described earlier, 10-fold cross-
validation was adopted to identify the DT models most 
accurately predicting cancer development. 

Enrichment analysis for signaling pathways using 
fisher’s exact test

Enrichment analysis was employed to find the significant 
regulatory mechanisms of differentially expressed 
miRNAs using Pathway Studio Web tool (18). 

The statistical significance (P values) of enriched 
annotation terms was determined using Fisher’s exact 
test. Lower P values indicated greater enrichment, P≤0.05 
were considered significant.

Interaction network database
We used the Mammalian+ChemEffect+DiseaseFx 

Database (Elsevier), which is a comprehensive dataset of 
proteins, small molecules, diseases, Gene Ontology, and 
functions collected by a natural language processing (NLP) 
tool (19). The relations were collected from PubMed, 
KEGG, Science Signaling, GO Consortium, and Prolexys 
HyNet protein-protein interaction databases as well as full 
texts of relevant papers in both Elsevier and non-Elsevier 
journals. The database contains 284400 entities, 7151512 
relationships, and 2023 pathways. Pathway Studio was 
used to build networks and pathways from relationships 
of Mammalian+ChemEffect+DiseaseFx Database.

Common targets common regulators algorithms 
Pathway Studio Web tool (19) was used for 'common 

targets' and 'common regulators' analysis. A component 
(gene /miRNA) is regarded as a common regulator 
when it has a high number of upstream interactions with 
the differentially expressed miRNAs. We optimized 
this parameter and set a threshold of three interactions. 
Likewise, a component is considered as a common target 
if it has a high number of downstream interactions with 
the differentially expressed miRNAs. After the evaluation 
of various values, a threshold of three interactions was set 
for the analysis.

Differentially expressed miRNAs were used as 
the input of common targets and common regulators 
algorithms. The common targets algorithm identified the 
targets/mechanisms, which were activated/ inactivated 



          Cell J, Vol 23, No 3, August 2021 264

Common Micro-RNAs in Stemness, Metastasis and B-Raf Pathways in Malignant Melanoma

by the altered miRNAs, i.e. it sought to clarify the goal/
consequence of the determined miRNAs modulation 
pattern. However, the common regulators algorithm 
determined the regulators with the maximum number 
of regulation/expression relationships with the altered 
miRNAs, i.e. it sought to identify the managers/
commanders/regulators of the altered miRNAs.

Survival analysis and definition of miRNA-related 
prognostic signature

For assessment of overall survival implications for 
significant miRNAs, the PROGmiR tool (20) was used as 
a publicly available dataset (http://www.compbio.iupui.
edu/progmir). The melanoma expression data comes 
from the TCGA dataset (https://cancergenome.nih.gov), 
including 163 cases of skin cutaneous melanoma.

Construction of the tissue microarray 
A total of 12 archival tissue samples of melanoma 

(Shohada-e-Tajrish Hospital, Iran) were used for tissue 
microarray analysis (TMA). Medical records were 
reviewed to collect the clinicopathological data (Table 
S2, See Supplementary Online Information at www.
celljournal.org). The study protocol was approved by the 
Research Ethics Committee of Iran University of Medical 
Sciences.

For TMA, 12 melanoma and 7 adjacent normal tissues 
of hematoxylin and eosin-stained slides were reviewed to 
determine the best pathological area from each specimen. 
The slides were then prepared by placing duplicate 
samples (0.6 mm in diameter) from each specimen 
using a manual tissue-arraying instrument (Minicore; 
ALPHELYS, Plaisir, France). These slides were used for 
immunohistochemical staining. 

Immunohistochemistry
The expression of CDH1 and SOX2 were 

immunohistochemically evaluated using the 
manufacturer’s protocol. After initial preparation, 
the sections were incubated overnight at 4˚C with 
rabbit polyclonal E-cadherin antibody recognizing the 
extracellular domain of E-cadherin (1:300 dilution, H-108, 
Santa Cruz Biotechnology, USA), and specific antibody 
against rabbit monoclonal anti-human SOX2 (1:250 
dilution, cat. 3579, Cell Signaling, USA). The sections 
were washed the next day and incubated with the anti-
rabbit/anti-mouse EnVision reagent (Dako, Denmark), 
as the secondary antibody, for 60 minutes. The sections 
were then stained with 3, 3’-diaminobenzidine (DAB, 
Dako) substrate as chromogen for two minutes in the 
dark and at room temperature. Subsequently, the sections 
were counterstained with hematoxylin (Dako, Denmark), 
dehydrated through graded ethanol followed by xylene, 
and mounted. Normal human brain tissue and ovarian 
carcinoma were used as positive control for SOX2 and 
E-cadherin antibodies respectively. The negative control 
was incubated only with Tris-buffered saline (TBS).

Immunohistochemical evaluation and scoring 

Two independent observers used a multi-headed 
microscope to evaluate the stained slides based on 
a semi-quantitative scoring system. The scoring 
was executed without previous knowledge of 
clinicopathological data. The intensity of staining was 
scored as 1+ (weak), 2+ (moderate), or 3+ (intense) 
and the percentage of positive tumor cells was scored 
as 1 (positive tumor cells <25%), 2 (positive tumor 
cells: 25-50%), 3 (positive tumor cells: 50- 75%), and 
4 (positive tumor cells >75%). The histochemical score 
(H-score) was ultimately calculated as the product of 
staining intensity and the percentage of positive tumor 
cells by multiplying the intensity of staining and the 
percentage of positive tumor cells.

Results
Patient demography

Specimens obtained from 20 patients with cutaneous 
malignant melanoma were evaluated in this study.

Patients’ age varied between 38 and 83 years, with 
60% of the subjects being older than 65 years. In nine 
patients (45%), the primary tumor site was at the lower 
limb and hip and 50% of all patients had ulcerations. 
According to the TNM classification of malignant 
melanoma, 65% of patients had stage II melanoma 
(Tables S3, S4, See Supplementary Online Information 
at www.celljournal.org).

miRNA slection

To gain further insight into miRNAs that simultaneously 
control EMT, stemness, and the BRAF pathway, literature 
mining and cross-analysis with available databases were 
performed, as described in the Methods section. Literature 
mining resulted in 141 articles that were published 
between 2007 and 2016, and contained the predetermined 
keywords "microRNA" and "melanoma" in the title. Of 
those, 99 articles were excluded as they did not meet 
our selection criteria (correlation to EMT, metastasis, 
invasion and stemness features) and also because of data 
duplication. Finally, 45 miRNAs were selected from 42 
articles. Parallel database search resulted in a total of 
626 miRNAs (including 33 target genes) contributing 
to the EMT process. Interestingly, 85 and 161 of these 
also targeted stemness modulators (including four target 
genes) and BRAF pathway factors (including four target 
genes), respectively. Finally, 73 miRNAs were identified 
to target all three processes of EMT, stemness, and 
metastasis. However, only 18 miRNAs (miR-9, -10b, 
-15b, -18b, -21, -22, -34a , -141, -146a, -155, -200a, 
-200c, -203, -205, -211 , -221, -222, and -429) were 
ultimately selected following the cross-analysis of the 
miRNAs extracted from literature and database mining 
(Fig.1, Supplementary Excel 1, See Supplementary 
Online Information at www.celljournal.org).

http://www.compbio.iupui.edu/progmir
http://www.compbio.iupui.edu/progmir
https://cancergenome.nih.gov/


Cell J, Vol 23, No 3, August 2021265

Sahranavardfard et al.

Fig.1: Schematic illustration of miRNA selection procedure. MiRNAs were selected using literature and database mining. Ultimately, 18 miRNAs were 
selected following cross-analysis. 

Differential expression of miRNAs in melanoma, 
normal adjacent tissue, and serum

Among 18 selected miRNAs, the expression of 5of them 
(miR-205, -141, -203, -15b, and -9) was significantly 
different between groups. The expression of miR-205, 
-203, -141 and -15b was decreased in tumor samples 
in comparison with normal adjacent tissues, and the 
expression of miR-9 was significantly higher in tumor 
samples as compared to the normal group (P<0.05, Fig.2).

According to validated data (miRTarBase 6.0: Sept. 15, 
2015), all of these 5 miRNAs had at least one target in the 
EMT pathway: miR-205 and miR-141 target ZEB; miR-

203 targets ZEB, SNAIL, and SMAD2; miR-15b targets 
SMAD2; miR-9 targets CDH1 and SNAIL. Moreover, with 
regards to stemness genes, miR-141 inhibits POU5F1 and 
miR-9 directly targets SOX2. In addition, miR-9, -15b, 
and -203are involved in the BRAF pathway by directly 
targeting BRAF or one of its downstream factors, like 
ERK, MEK or CCND1 (Fig.S1, See Supplementary Online 
Information at www.celljournal.org). Comparison of the 
expression of miR-205, -141, -203, -15b, and -9 in the 
serum of patients and healthy donors revealed significant 
differences for miR-205, -15b, and -9 (P<0.05, Fig.3). 
The expression patterns of miR-205 and miR-9 in serum 
from patients were similar to those of tumor samples. 
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However, in contrast to tumor samples, serum obtained 
from patients showed increased expression of miR-15b as 
compared to serum from control subjects.

Fig.2: The expression pattern of selected miRNAs in melanoma and normal 
adjacent tissue. A. The significant down regulation of miR-205, -141, 
-203, -15b was observed in melanoma tissues (n=20, Log 10, *; P<0.05, 
**; P<0.01) and B. Scatter-plots of the expression levels of the selected 
miRNAs show a significant higher expression of miR-9 (n=20, Log 10, *; 
P<0.05) in melanoma samples compared with normal adjacent tissues.

Fig.3: The expression pattern of selected miRNAs in serum obtained from 
melanoma patients and healthy donors. Among five miRNAs, miR-205, -15b, 
and -9 showed significant differences (Log 10, *; P<0.05) between serum 
obtained from melanoma patients (n=11) and control subjects (n=5).

Predicting the most important melanoma-linked 
miRNAs and developing predictive models using 
attribute weighting and decision tree by random forest

MiR-205, -15b, and -141 were selected as the key 
miRNAs linked to tumor/normal status using four-
attribute weighting models with different statistical 
backgrounds (Table S5, See Supplementary Online 
Information at www.celljournal.org). MiR-205 received 
the highest weight of 1 by information gain ratio, 
information gain, and Gini index. It was also weighted as 
0.9 by the uncertainty model (Supplementary Excel 2, See 
Supplementary Online Information at www.celljournal.
org).

In order to identify the best combination of miRNAs 
that distinguished between healthy and malignant status, 
extensive computational biology analysis was applied to 
test DT based on expression of miRNAs. Distinguished 
capability decision-tree classifier in highly accurate 
identification of cancer origin based on miRNA profile 
has been documented (21). Also, DT models have 
shown high applicability for accurate classification of 
kidney cancer subtypes using miRNAs signature (22). 
Therefore, we used DT model for finding the hierarchical 
combination of miRNAs as a biomarker for melanoma. 
On the otherhand, 10 attribute weighting algorithms were 
applied with various statistical backgrounds to determine 
the main miRNAs that could accurately discriminate 
between melanoma and normal samples. We selected 
miRNAs based on the intersection/agreement of different 
models where miRNA receiving high weights by most 
of models were announced as important ones. Applying 
these models increased our confidence about the selected 
miRNAs. The accuracy of each model was evaluated and 
presented in Supplementary Excel 3 (See Supplementary 
Online Information at www.celljournal.org). The highest 
accuracy was obtained by the Random Forest Gain Ratio 
and Random Forest Info Gain models, which were able 
to accurately predict tumor/normal status of 90% of the 
samples (based on cross-validation).

Following attribute weighting on expression of 
microRNAs (miRNAs) in normal and tumour, the weights 
were normalized and miRNA attributes received a value 
between zero and one. Values closer to one showed higher 
importance of that particular miRNA in discrimination 
between normal and tumor samples according to the 
employed model. Variables weighted as ≥0.9 were then 
selected. For example, in the following Table S5 (See 
Supplementary Online Information at www.celljournal.
org), miR-205 is selected based on statistics of 4 models 
including Weight_Info Gain Ratio, Weight_Info Gain, 
Weight_Uncertainty, and Weight_Gini Index to be 
important in discriminating tumour from normal sample.

MiR-205 emerged as the key indicator of healthy 
and malignant status and the combination of high miR-
205 expression with lowmiR-200c expression indicated 
a healthy status. In contrast, low miR-205 and -141 
expression was associated with malignancy (Fig.4A, 
Right panel). Moreover, the low expression of both miR-

A

B
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205 and miR-15b could be indicative of the malignant 
state (Fig.4A, Left panel). To determine the commonality 
between miRNAs, they were clustered by hierarchical 
clustering methods, as previously described (23). Our 
results revealed that the expression patterns of miR-
205, -200c, and -222 in melanoma tissue samples were 
over 95% similar to those of miR-200a, -155, and -10b, 
respectively (Fig.4B). As the miRNAs with the similar 
expression pattern may be regulated by the similar set of 
transcription factors (common regulators), therefore, we 
suggested the same transcription factors might regulate 
these miRNAs. As shown in Figure 4C, tumor samples had 
high diversity and negative amount of second principal 
component analysis (PCA).

Regulatory network in progression to malignant 
melanoma

A 'regulatory network' sustaining the progress toward 
malignancy was designed by combining the statistically 
significant sub-networks of significant miRNAs in Gene 
Set Enrichment Analysis using Pathway Studio Web tool 
(Elsevier, Supplementary Excel 4, See Supplementary 
Online Information at www.celljournal.org). The 
selected miRNAs were subject to regulation by most 
intracellular components, including the nucleus, Golgi 
apparatus, and the cell membrane (Fig.S2A, B, See 
Supplementary Online Information at www.celljournal.

org). The common regulatory factorswere TGFβ1, TP53, 
and histone deacetylase that regulated six of the seven 
indicator miRNAs: miR-9, -200a, -200c, -141, -15b and 
-205 (Fig.S3, Supplementary Excel 5, See Supplementary 
Online Information at www.celljournal.org).

Analysis of common targets revealed that MET proto-
oncogene (MET),  CDH1, vascular endothelial growth 
factorA (VEGFA), and tumor necrosis factor (TNF) were 
the key targets of these six miRNAs. Also, it seems that 
miR-200c was the upstream of most important cancer 
regulators like ZEB, CDH1, and CCND1as common 
targets (Fig.5A).

In order to validate the targets, qRT-PCR was performed 
to assess the mRNA expression of CDH1, CCND1, SOX2, 
VIM, BRAF, TNFA and VEGF. According to Figure 5A 
all of these genes are common targets for miR-205, -203, 
-9 and -15b. TMA using 12 samples from malignant 
patients and 7 normal/control tissues showed the higher 
expression of SOX2 at protein level in melanoma tissues, 
in comparison with normal skin biopsies. CDH1 protein 
was highly expressed both in melanoma and normal skin 
biopsies (P<0.01, Fig.5B, C). Although, at mRNA level, 
CCND1 expression was significantly lower in tumor 
samples (P<0.001, Fig.5D), SOX2, BRAF, TNFA, and 
VEGF expression was increased in malignant tissues 
compared with normal adjacent samples (P<0.05, Fig.5D). 

Fig.4: Pattern discovery distinguishing tumor from normal samplesusing machine learning and multivariate analytical models. A. Decision tree (DT) model 
of Random Forest Gain Ratio predicts normal/tumor status based on miRNA expression levels. Random Forest is able to find the threshold in expression of 
each miRNA. As shown in the results, miR-205 was the key regulator of healthy and malignant status, B. Clustering of miRNAs, based on their expression 
levels, indicates that the expression patterns of miR-205/ miR-200a, miR-200c/ miR-155, and miR-222/ miR-10b in cancer samples were over 95% similar, 
and C. PCA analysis of expression of miRNAs in relation to tumor/normal status exhibited high diversity in tumor samples.

A

B C

http://www.celljournal.org
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Fig.5: Validation of the most important common regulators and targets of differentially expressed miRNAs. A. Analysis of common targets revealed that 
MET, CDH1, VEGFA, TNF, ZEB, CDH1, and CCND1 represent the key targets of differentially expressed miRNAs, B, C. The protein expression levels of SOX2 
and CDH1 obtained from Tissue Micro Array data and presented as H-Score. SOX2 expression was elevated in melanoma tissues (n=12) despite of normal 
skin (n=7), and D. mRNA expression levels of CCND1, SOX2, CDH1, VIM, BRAF, TNF, VEGF. CCND1 was significantly lower expressed in tumor samples, 
whereas SOX2, BRAF, TNF, and VEGF were overexpressed in malignant tissues compared with normal samples (n≤15, *; P<0.05, **; P<0.01, ***; P<0.001).

A
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Fig.6: The expression analysis of stemness transcripts, selected miRNAs, and their target genes in melanospheres by quantitative reverse transcription 
polymerase chain reaction (qRT-PCR). A. The morphology of melanospheres derived from NA8 (left), D10 (middle), and A375 (right) revealed that, NA8-
melanospheres were compact with defined borders. However, D10 and A375 formed loose, grapelike melanospheres, B. Relative expression levels of SOX2, 
KLF4, OCT4 and NANOG transcripts in NA8-, D10- and A375-melanospheres compared to adherent cells. There were significant upregulations in KLF4 and 
OCT4 expression in NA8-melanospheres. D10 showed upregulation in SOX2, KLF4, OCT4 and NANOG levels and significant upregulation was observed in 
SOX2 and NANOG in melanosphere derived from A375 cells (n=3, *; P<0.05, **; P<0.01 ), C. The expression of miR-205, -203, -141, -15b, -22, -9, and -155 in 
melanospheres originating from all three cell lines. The expression of miR-205 was upregulated in all melanospheres compared with parental cells. MiR-203 
was significantly upregulated in D10 and A375 melanospheres, unlike in spheres derived from NA8 cells. MiR-15b expression was significantly increased in 
D10 and A375 melanospheres compared to parental cells. MiR-141 was upregulated in D10 and downregulated in A375. Although miR-9 showed significantly 
higher expression in D10 melanospheres in comparison with parental cells (n=3, log 2, *; P<0.05, **; P<0.01), and D. Relative expression of CDH1, VIM, TNFA, 
VEGF, and CCND1 transcript in three cell lines. TNFA was significantly downregulated in D10- and A375- and upregulated in NA8-melanospheres compared 
to parental cells. VIM shows higher and CDH1 lower expression in NA8- and A375-melanospheres. CCND1 was significantly downregulated only in NA8-
melanospheres. Expression of VEGF was markedly lower in D10 and A375 spheres (n=3, *; P<0.05, **; P<0.01).
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The combined expression of miR-203, -205, -15b, and 
-9 is associated with survival rates

Based on the PROGmiR database, the individual 
expression levels of miR-205, -15b, or -9 alone did not 
significantly correlate with the survival rates of melanoma 
patients. In contrast, higher expression of miR-203 
was significantly associated with reduced survival rate 
(P<0.05, Fig.S4A, See Supplementary Online Information 
at www.celljournal.org). On the other hand, the combined 
expression of them, appears to severely effect overall 
survival (P=0.0192) in melanoma patients (Fig.S4B, See 
Supplementary Online Information at www.celljournal.
org).

EMT-miRNAs expression pattern in melanospheres as 
a cancer stem cell model

To determine if the six selected miRNAs were 
expressed in melanospheres (melanoma stem like cells), 
we assessed the expression pattern of those by qRT-PCR. 
The melanospheres were derived from three different 
melanoma cell lines. Morphologically, melanospheres 
derived from NA8 were dense, compact with defined 
borders; conversely, the D10 and A375 cells formed 
loose, grapelike melanospheres (Fig.6A). Melanospheres 
derived from different melanoma cell lines revealed 
differential expression patterns for stemness genes. Levels 
of KLF4 and OCT4 mRNA were significantly increased in 
NA8-melanospheres, while D10-melanospheres showed 
elevated expression of SOX2, KLF4, OCT4 and NANOG, 
and A375- melanospheres displayed enhanced expression 
of SOX2 and NANOG (P<0.05, P<0.01, Fig.6B). In all 
melanospheres, overall the expression levels of miR-
205, -203 and -9 were higher than in their parental cells; 
of note, the expression of miR-203 was significantly 
decreased in NA8-mellanospheres and miR-9 just 
significantly expressed in D10-melanosphere (P<0.05, 
Fig.6C). MiR-15b expression was significantly increased 
in D10 and A375 melanospheres, whereas miR-141 was 
differentially expressed, upregulated in D10 (P<0.01, 
Fig.6C) and downregulated in A375 (P<0.05, Fig.6C). 
Among the main common targets, TNF expression was 
higher in NA8-melanospheres; conversely, it was reduced 
inD10- and A375-melanospheres. The level of VIM was 
increased and that of CDH1reduced in melanospheres 
derived from NA8 and A375. NA8-melanospheres had 
lower levels of CCND1 expression. Lastly, the expression 
pattern of VEGF was reduced in D10- and A375-
melanospheres in comparison with parental cells (P<0.05, 
P<0.01, Fig.6D).

Discussion
Alterations in the EMT process and BRAF signalling 

pathway play a key role in melanoma progression (24, 
25), and affect stemness properties involved in metastatic 
competence and tumor regrowth (26). Nevertheless, 
further research is required to determine exactly which 
factors can simultaneously regulate these processes. 
For this, a systematic analysis based on literature and 

databases’ mining was performed, and 18 miRNAs were 
identified. However, the expression of miR-205, -141, 
-203, -15b, and -9, was significantly different between 
malignant melanoma and adjacent normal tissues. 
Expression levels of miR-205, -141, -203, and -15b 
were lower, whereas expression of miR-9 was higher in 
melanoma tissue. Interestingly, miR-9, -15b, and -203 are 
documented to contributeto BRAF pathways by direct 
targeting of RAF, MEK, and ERK. Moreover, miR-9 and 
-141 are associated with stemness properties by targeting 
SOX2 and OCT4.

In order to distinguish a unique expression pattern of 
miRNAs, 10 attribute weighting models and DT models 
were used. Based on these models, we suggested miR-205, 
-203,-9, and -15b as common regulators of EMT, self-
renewal, and BRAF pathways in melanoma. Therefore, 
we evaluated expression of these miRNAs in patients’ 
serum and melanospheres derived from NA8, D10, and 
A375 cell lines. Interestingly, among them miR-205 had 
a similar expression pattern (low expression) in tumor 
biopsies and serum of patients in comparison with normal 
control groups, but showed an increased expression in 
all groups of cell line melanospheres. Machine learning 
analysis revealed the reduction of miR-205 level as a key 
regulator of the malignant state in melanoma, which is in 
accordance with previous reports in melanoma (27) and 
gastric cancer (28). Although, its increased expression in 
melanoma stem cells is still ambiguous, it had positive 
correlation with OCT4 in all types of melanospheres 
and with NANOG in melanospheres derived from D10. 
Therefore, it may be connected to the pluripotent state of 
melanoma cells. Similar to our results, miR-205 has been 
reported to be associated with the EMT process, stemness 
traits of cancer stem cell (CSC) fate, tumorigenicity, and 
chemoresistance in breast cancer (29) and non-small 
cell lung cancer (30). The elevated expression of miR-
205 in mouse mammary epithelial stem-like cells led 
to expansion of the progenitor cell population through 
the suppression of phosphatase and tensin homologue 
(PTEN) (31). Additionally, the overexpression ofmiR-205 
resulted in high proliferation of endometrial and ovarian 
cancer (32).

MiR-9 displayed a similar expression pattern in 
patients’ melanoma biopsies, serum, and melanospheres 
(higher expression as compared to control). According 
to common regulator analysis, we found that SOX2 can 
regulate miR-9 expression, as a SOX2-binding site has 
been detected in the promoter region of miR-9 (33). Based 
on our results, enhancement of SOX2 at the mRNA and 
protein level in tumor tissues as well as melanospheres, 
can enhance the expression of miR-9, which results in an 
increased motility of melanoma cells through reduction of 
CDH1 level (34). Moreover, its overexpression increases 
VIM in hepatocellular carcinoma (34), and squamous cell 
carcinoma CSCs (35).

Interestingly, the expression of miR-15b washigher in 
patients’ serum and melanospheres than in the control 
group. However, in patient samples, its expression in 
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melanoma biopsies was lower than normal tissues. This 
difference in the pattern of expression may be associated 
with recurrent-free survivalin patients (36).

A combination of ingenuity analysis for potential 
regulators and target genes and examination of biological 
pathways targeted by the deregulated miRNAs, indicated 
that the regulatory network around miR-205, -9, -203, 
and -15b was most prominent in our data. The significant 
association of combined expression of these miRNAs 
with overall survival of melanoma patients was confirmed 
through the TCGA data. Among all target genes, negative 
correlation between miR-205, -203 and -15b expression and 
VEGF was observed in melanospheres. Also, our results 
provide evidence for negative correlation between these 
miRNAs and TNF by miR-205, -203 and -15b in tumors. 
Whereas, miR-9 shows a positive regulatory effect on TNF 
expression in D10 and A375 melanospheres and melanoma 
patient samples. In fact, in patients’ samples, TNF expression 
was increased concomitant with a high expression of miR-
9 and low expression of miR-203. This data was verified 
by the expression patterns in melanospheres, in which 
reduced TNF expression coincided with higher expression 
of miR-203 (D10- and A375-melanospheres). These data 
can confirm the important role of miR-203 in regulating 
the expression of the pro-inflammatory cytokine TNF.  
Importantly, treatment of melanoma cells with TNF 
suppresses CSCs differentiation through PI3K/AKT-
signaling (37). However, the role of TNF as an intrinsic 
factor in melanoma stem cell fate requires further studies. 
VEGF is another factor that can affect the growth and 
metastasis of melanoma (38). We suggested here that 
miR-205, -203, and -15b could negatively regulate VEGF 
expression. Although we could not find an explanation 
for the observed lowered expression of VEGF in 
melanospheres, but it paly important role in the VEGF-
CSC axis in a variety of tumors, including melanoma (39).

Conclusion
Based on our findings, miR-205, -15b, -203, -9 were 

selected as the key miRNAs linked to tumor/normal 
status, which can regulate the pluripotency, proliferation, 
and motility of malignant cells. However, further studies 
are required to find the exact mechanisms underlying the 
combinatory effects of the abovementioned miRNAs.
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Abstract
Objective: Systemic sclerosis (SSc) is a connective tissue disease associated with vascular damage and multi organ 
fibrotic changes with unknown pathogenesis. Most SSc patients suffer from defective angiogenesis/vasculogenesis 
and cardiac conditions leading to high mortality rates. We aimed to investigate the cardiovascular phenotype of SSc by 
cardiogenic differentiation of SSc induced pluripotent stem cells (iPSC).

Materials and Methods: In this experimental study, we generated iPSC from two diffuse SSc patients, followed by 
successful differentiation into endothelial cells (ECs) and cardiomyocytes (CMs).

Results: SSc-derived EC (SSc-EC) expressed KDR, a nearly EC marker, similar to healthy control-EC (C1-EC). After 
sorting and culturing KDR+ cells, the resulting EC expressed CD31, a late endothelial marker, but vascular endothelial 
(VE)-cadherin expression markedly dropped resulting in a functional defect as reflected in tube formation failure of 
SSc-EC. Interestingly, upregulation of SNAI1 (snail family transcriptional repressor 1) was observed in SSc-EC which 
might underlie VE-cadherin downregulation. Furthermore, SSc-derived CM (SSc-CM) successfully expressed cardiac-
specific markers including ion channels, resulting in normal physiological behavior and responsiveness to cardioactive 
drugs.  

Conclusion: This study provides an insight into impaired angiogenesis observed in SSc patients by evaluating in vitro 
cardiovascular differentiation of SSc iPSC.
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Introduction
Systemic sclerosis (SSc) develops as a chronic 

connective tissue disease which involves multiple organs; 
however, its etiology remains unknown. It is characterized 
by vascular injury, immune dysregulation and extensive 
fibrosis of several organs including the skin (1). The 
complex pathogenesis of SSc remains unclear, however 
it is known that genetic, epigenetic and environmental 
factors contribute to its development (2). Endothelial cell 
(EC) injury is one of the first phases in pathogenesis of 
SSc. The damaged endothelium upregulates the expression 
of adhesion molecules and chemokines resulting in 
recruitment of inflammatory cells. Multiple cytokines and 
growth factors, secreted by inflammatory and immune 
cells, promote activation and differentiation of resident 
fibroblasts into myofibroblasts, which cause excessive 

extracellular matrix (ECM) proteins production leading 
to fibrosis. Thus, suggested pathogenesis of SSc includes 
a complex interplay between vascular abnormality, 
inflammation and autoimmunity, as well as fibrosis (3). 

Clinical and in vitro studies demonstrated an impaired 
angiogenesis in SSc. Moreover, several studies 
suggested that ECs might be the origin of a subset of 
activated fibroblasts or myofibroblasts. Furthermore, 
endothelial-mesenchymal transition (EndoMT) and their 
differentiation into collagen-producing cells are likely to 
represent an additional source of extra collagen (4).

In addition to vascular complications, many cases 
of heart phenotypes have been reported in SSc which 
accounts for 11-36% mortality in these patients (5). 
Cardiac manifestation of SSc can be caused directly 
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by a myocardial involvement developing to myocardial 
fibrosis or indirectly by pulmonary arterial hypertension 
or systemic hypertension as the possible outcome of 
pulmonary and renal involvements (6). Not only the 
heart wall including epicardium, myocardium and 
endocardium, but also coronary arteries, cardiac valves 
and nervous system may be affected in SSc leading to 
heart failure (7). A meta-analysis done by Komócsi et al. 
(8), confirmed that cardiopulmonary manifestation is the 
main cause of mortality in SSc patients. Despite cohort 
studies suggesting a decline in mortality risk of SSc, a 
meta-analysis of cohort studies, conducted by Elhai et 
al. (9) reported no substantial changes in standardized 
mortality ratio (SMR) over 40 years. 

Over the last decade, molecular studies-based clinical 
trials provided more knowledge on the pathogenesis of 
scleroderma (10), however, further investigations are 
still needed. Such molecular studies require appropriate 
animal or cell-based models recapitulating scleroderma 
phenotype. Patient-specific induced pluripotent stem cells 
(iPSCs) allow us to examine the disease phenotype in 
target tissue as well as other cell types of body (11). In 
the present study, we produced iPSC from skin biopsies 
of two SSc patients and characterized them followed by 
cardiogenic differentiation into cardiomyocytes (CMs) 
and ECs and their characterization. 

Materials and Methods
Generation of patient-specific induced pluripotent 
stem cells

In this experimental study, human dermal fibroblasts 
of SSc patients were digested using 0.1% collagenase 
I (Sigma, USA) and cultured in fibroblast medium 
(Dulbecco’s modified Eagle’s medium [DMEM, Gibco, 
USA]) enriched with 10% fetal bovine serum (FBS, 
Gibco, USA) and 1% penicillin and streptomycin (Gibco, 
USA), as previously described (12). Institutional review 
board approval by Royan Institute Ethics Committee’s 
general principles in compliance with the declaration 
of Helsinki (IR ACECR, ROYAN REC, 1395 175) and 
consent from patients for iPSC derivation, were obtained. 
The clinical features of the SSc patients are shown in 
Table S1 (See Supplementary Online Information at www.
celljournal.org). To generate patient-specific iPSC, dermal 
fibroblasts were reprogrammed  by four Yamanaka 
factors (OCT4, SOX2, KLF4, and c-MYC) delivered by 
retrovirus in serum- and feeder-free conditions based 
on a previously reported protocol (12). On transduction 
day 6, fibroblast medium was exchanged with human 
embryonic stem cell (hESC) medium supplemented 
with 100 ng/ml basic fibroblast growth factor (bFGF, 
Royan Biotech, Iran). hESC medium was comprised 
of DMEM/F12 (Gibco, USA) supplemented with 20% 
Knockout serum replacement (KOSR, Gibco, USA), 
1% non-essential amino acids (Gibco, USA), 1% 
penicillin and streptomycin, 2 mM L-glutamine (Gibco, 
USA) and 0.1 mM β-mercaptoethanol (Sigma, USA). 
At day 14-20 of re-plating, embryonic stem cells (ES)-

like colonies were observed (Fig.1A). For each patient, 
three iPSC clones were established for subsequent 
analyses. Due to same characteristics, we followed our 
experiment on one clone for each patient. Two control 
iPSC lines, one derived from a healthy Iranian 40-year-
old male (iPSC4 abbreviated as C1) (12) and the other 
obtained from a healthy Iranian 32-year-old female 
(B-iPSC11 abbreviated as C2) (13) were acquired 
from the Stem Cell Bank of Royan Institute. Following 
thawing, iPSC was cultured on mitomycin C-treated 
mouse embryonic fibroblast (MEF) feeder cells in 
hESC medium supplemented with 5 ng/ml bFGF. For 
expansion, iPSCs were passaged on ECM Gel (Sigma, 
USA, 1:30) using collagenase IV (0.5 mg/ml, Gibco, 
USA): dispase (1 mg/ml, Gibco, USA) at the ratio of 
1:2. 

Karyotype analysis
Karyotyping was performed at cytogenetic laboratory 

of the Institute for Human Genetics (Royan Institute, 
Iran) according to a standard procedure described 
previously (14). Briefly, 70% confluent human iPSC 
(hiPSC) colonies were treated with 0.66 µM thymidine 
(Sigma-Aldrich, USA) at 37˚C overnight. Then, cells 
were washed and rested for 5 hours before being exposed 
to colcemid (Gibco, USA, 0.15 µg/ml) for 30 minutes. 
Afterwards, trypsinized cells were treated with 0.075 M 
KCl and fixed. Karyotyping was performed using standard 
G-band staining. 

In vitro spontaneous differentiation of human induced 
pluripotent stem cells

To evaluate the spontaneous differentiation capacity of 
the above-noted derived hiPSC lines into three embryonic 
germ layers, we generated embryoid body (EB). Briefly, 
hiPSC colonies were dispersed into single cells using 
Accutase (Sigma, USA) and transferred into non-adhesive 
bacterial plates (Greiner Bio-One, Germany) containing 
DMEM/F12 medium supplemented with 20% KOSR, 1% 
non-essential amino acids, 2 mM L-glutamine, and 0.1 
mM β-mercaptoethanol without bFGF. After 12 days, the 
generated EBs were plated on ECM Gel-coated culture 
dishes for another 8 days. On day 21 of spontaneous 
differentiation, EB samples were collected and ectoderm, 
mesoderm and endoderm differentiation were evaluated 
with respect to transcriptional expression of each germ 
layer’s specific genes using quantitative real-time 
polymerase chain reaction (qRT-PCR).

Teratoma formation
SSc iPSC (2×106) were suspended in phosphate-

buffered saline (PBS) and injected into the subrenal 
capsule of 8-week-old NOD/SCID mice (BioLASCO) 
using a 26-gauge syringe (BD Biosciences, USA). Eight 
weeks after injection, tumors were harvested, weighed 
and fixed in 10% formalin. After fixation, tumors 
underwent histological analyses for ectoderm, mesoderm 
and endoderm formation. 
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Immunofluorescence and alkaline phosphatase 
staining

Cells were fixed in 4% paraformaldehyde at room 
temperature (RT) for 25 minutes, washed with PBS/0.05% 
Tween 20 and permeabilized using 0.5% Triton X-100 in 
PBS for 30 minutes at RT. Thereafter, cells were washed 
and blocked in blocking solution (1% bovine serum 
albumin [BSA, Life Technology] in PBS) for 1 hour at 
RT. Primary antibodies were diluted in blocking solution 
and added to the cells overnight at 4˚C. Cells were then 
washed three times with PBS/0.05% Tween 20, each time 
for 5 minutes, and incubated with appropriate secondary 
antibodies in blocking solution for 45 minutes at RT. Lastly, 
cells were washed three times with PBS/0.05% Tween 
20 and nuclei were counterstained with 4’,6-diamino-2-
phenylindole (DAPI, Sigma, USA). Images were captured 
using a fluorescent microscope (IX71, Olympus, Japan). 
Antibodies used in the present study are mentioned in 
Table S2 (See Supplementary Online Information at 
www.celljournal.org).

We performed Alkaline phosphatase (ALP) staining 
based on the manufacturer’s instructions (Sigma, USA).

Cardiac and endothelial differentiation of human 
induced pluripotent stem cells

hiPSC colonies were dispersed into single cells by 4-5 
minutes treatment with Accutase (Sigma-Aldrich, USA) 
at 37˚C and incubated in non-adhesive bacterial plates 
(Greiner Bio-One, Germany) at the density of 2×105 

cells/ml in hESC medium. After aggregate formation, 
the directed cardiogenic differentiation of hiPSC was 
performed in static suspension culture using a cocktail 
of small molecules (SM) as previously described (15). 
Briefly, hiPSC aggregates with average diameter of 175 
± 25 μm were treated with 12 μM of SM CHIR99021 
(CHIR, Stemgent, USA) in differentiation medium 
(RPMI 1640 (Gibco, USA) supplemented with 2% B27 
without retinoic acid (Gibco, USA), 2 mM L-glutamine 
(Gibco, USA), 0.1 mM β-mercaptoethanol (Sigma, 
USA), 1% nonessential amino acids (Gibco, USA), 1% 
penicillin and streptomycin). After 24 hours, aggregates 
were washed with Dulbecco’s PBS (DPBS, Gibco, USA) 
and maintained in fresh differentiation medium for 24 
hours. On differentiation day 2, the medium was changed 
with new differentiation medium containing 5 μM IWP2 
(Tocris Bioscience, UK), 5 μM SB431542 (Sigma-
Aldrich, USA) and 5 μM purmorphamine (Pur, Stemgent, 
USA) for 48 hours. On day 4, the aggregates were 
washed with DPBS and cultured in fresh differentiation 
medium which was refreshed every 2 or 3 days. In order 
to determine the efficiency of cardiac differentiation, 
we counted the number of beating spheroids on a daily 
basis, starting with the first beating observation, using 
an inverted cell culture microscope (Olympus, Japan). 
For CM immunostaining, the 30-day-post-differentiation 
beating spheroids were subjected to enzymatic digestion 
by 4-5 min treatment with Accutase at 37˚C followed by 
gentle pipetting and plated at the density of 8×104 cell/

cm2 on ECM-Gel (Sigma, USA, 1:30) coated 4-well 
tissue-culture plate in differentiation medium. After 
adequate cell attachment, CM were fixed and all steps of 
immunofluorescence staining were taken as described in 
supplementary material.

For endothelial differentiation, we used a previously 
reported protocol with some modifications (16). hiPSC 
aggregates with average diameter of 200-250 µm were 
treated with 12 µM of CHIR99021 in RPMI medium 
supplemented with B27 without retinoic acid for 24 
hours. Cells were then incubated in RPMI/B27 without 
SM for another 24 hours. On day 2 of differentiation, 
cells were treated with 25 ng/ml BMP4 (R&D), 10 
µM Purmorphamine, 10 µM SB431542 and 50 ng/ml 
VEGF-A (Royan-Biotech, Iran) in RPMI/B27 medium 
for 48 hours. Next, the medium was exchanged with 
EGM-2 (Lonza, Switzerland) supplemented with 50 ng/
ml VEGF-A and cells were incubated for another 48 
hours. On day 6, differentiated aggregates were dispersed 
into singles cells using Accutase and sorted based on 
KDR expression (R&D, USA). KDR+ sorted cells were 
sub-cultured on collagen type I-coated plates (10 μg/cm2, 
Sigma-Aldrich, USA) in EGM-2 medium containing 50 
ng/ml VEGF-A until reaching appropriate confluency.

Gene expression analyses
Total RNA was extracted using TRIzol reagent 

(Sigma-Aldrich, USA). Toprevent DNA contamination, 
extracted RNA was treated with RNase-free DNase I 
(Takara, Japan). cDNA synthesis was performed using 
a PrimeScriptTM RT Reagent Kit (Perfect Real Time) 
(Takara, Japan) based on the manufacturer’s instructions 
and qRT-PCR was performed using a SYBR Premix Ex 
Taq Kit (Takara Bio. Inc, Japan) and a Rotor Gene Corbett 
System (Corbett Life Science, Australia). Results were 
analyzed by Rotor-Gene 6000 analysis software (Corbett 
Life Science, Australia, version 1.7). All experiments 
were done in triplicate. The relative gene expression 
level of the desired genes was calculated by ∆∆CT 
method and normalized against the housekeeping gene, 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 
All primer sequences used in the present work, are listed 
in Table S3 (See Supplementary Online Information at 
www.celljournal.org).

Flow cytometry and cell sorting
Differentiated hiPSC aggregates were collected at 

particular time-points of differentiation and dissociated 
into single cells using Accutase solution and 0.05% 
trypsin/ ethylenediaminetetracetic acid (Gibco, USA) 
for hiPSC-CM and hiPSC-EC, respectively. Then, single 
cells were fixed by treatment with 4% paraformaldehyde 
for 20 minutes at 4˚C. After washing with PBS/0.05% 
Tween 20, the fixed cells were permeabilized by 0.2% 
Triton X-100 in PBS for 30 minutes at RT, blocked in 
serum and stained, either 1 hour for surface markers or 
overnight for cytoplasmic markers, with appropriate 
primary antibodies at 4˚C. Cells were then washed and 
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incubated with appropriate secondary antibody for 1 hour 
at RT. Cells were analyzed using a BD FACS Calibur flow 
cytometer (BD Biosciences, USA). Data analysis was 
done by Flowing Software (version 2.5.1, Turku Centre 
for Biotechnology, Finland).

For sorting, cells were dissociated into single cells 
using 0.05% trypsin/EDTA on day 6 of endothelial 
differentiation. Cells were then washed in PBS containing 
2% FBS (FACS buffer) and incubated with anti-human 
KDR for 1 hour at 4˚C. After washing, KDR-positive 
cells were sorted using FACS Calibur.

Uptake of acetylated low-density lipoprotein (Dil-ac-
LDL)

ECs were incubated with 10 µg/ml of acetylated low-
density lipoprotein (Dil-Ac-LDL, Biomedical Technology, 
UK) for 4 hours at 37˚C. Then, cells were fixed by 
treatment with 4% paraformaldehyde for 10 minutes at 
RT. After washing with PBS, nuclei were counterstained 
with DAPI (DAPI, Sigma, USA) and visualized using a 
fluorescence microscopy (IX71; Olympus, Japan).

Tube formation assay
ECMatrix™ (In Vitro Angiogenesis Assay Kit, 

Chemicon, USA) was aliquoted into all wells of a 96-well 
plate (50 µl/well) and incubated for 1-2 hour at 37˚C to 
polymerize. Thereafter, 104 cells/well were seeded onto 
the matrix in 150 μl of EGM-2 medium and incubated 
for 2 hours at 37˚C with 5% CO2. Tube formation was 
assessed using Olympus CKX41 inverted microscope and 
analyzed using “Image J” software.

Multielectrode array recording
A multielectrode array (MEA) data acquisition system 

(Multi Channel Systems, Reutlingen, Germany) was 
used to record the extracellular field potential (FP) of 
hiPSC-CM. The MEA plate is composed of 60 titanium 
nitride electrodes with an inter-electrode space of 200 
µm. Beating spheroids were plated on ECM Gel-coated 
MEA plates and allowed to attach for 48-72 hours before 
recording. Baseline FP recording and drug testing were 
performed 30 ± 5 days post-differentiation. On the day 
of the experiment, the MEA plates were connected to 
a head stage amplifier. FP was acquired at 2 kHz, and 
all recordings were performed at 37˚C. Signals were 
recorded for 60 seconds at baseline and 5 minutes 
after drug application. All drugs were purchased from 
Sigma-Aldrich, otherwise stated. Stock solutions were 
prepared daily in appropriate solvent and used at desired 
concentrations made in RPMI/B27 medium. Data were 
analyzed by Cardio2D software (version 2.2.2.0, Multi-
channel system MCS GmbH). FP durations (FPD) was 
normalized to beating rate using the Bazett correction 
formula (corrected FPD [cFPD]=FPD/3√ (RR interval)). 
Drugs used in pharmacological studies are listed in 
Table S4 (See Supplementary Online Information at 
www.celljournal.org).

Whole cell patch-clamp recording
Action potential (AP) was recorded from spontaneously 

beating hiPSC-CM using the current-clamp mode of the 
whole cell patch-clamp configuration. On differentiation 
day 30, beating spheroids were dissociated into single 
cells by Accutase accompanied by gentle pipetting. 
Single beating CM were plated onto ECM-Gel coated 
glass coverslips and incubated at 37˚C overnight. Then, 
the cover slips were transferred to a recording chamber 
mounted on the stage of an Olympus inverted microscope 
(Olympus, Japan). The bath solution within the chamber 
contained 135 mM NaCl, 5.4 mM KCl, 10 mM HEPES, 10 
mM D-glucose, 1 mM MgCl, and 1.8 mM CaCl2 and the 
pH was adjusted to 7.4 using NaOH. Recording pipettes 
were pulled from borosilicate glass capillaries (Harvard 
Apparatus, Holliston, MD) by a P-97 horizontal puller 
(Sutter Instrument, Novato) to a tip resistance of 3-6 MΩ. 
The pipette solution contained 135 mM KCl, 10 mM NaCl, 
1 mM EGTA, 10 mM HEPES, and 5 mM MgATP, and the 
pH was adjusted to 7.2 using KOH.

Data were acquired using a multiclamp 700B amplifier 
(Axon Instruments, Molecular Devices Corp., Union City, CA, 
USA), a Digidata 1440 analog-to-digital board and pClamp 
10 software (Axon Instruments), at a sampling frequency 
of 10 kHz and low-pass filtered at 2 kHz. Data analysis was 
performed using Clampfit 10 (Axon Instruments) and Prism 
6 (GraphPad Software, La Jolla, CA, USA) software.

Ca+2 imaging
In order to record Ca+2 transients in hiPSC-CM, beating 

spheroids were incubated with 1 µM Fura-2 AM (Sigma- 
Aldrich, USA) for 30 minutes at 37˚C, 30-day post-
differentiation. Then, beating spheroids were washed with 
RPMI/B27 medium for 15 minutes at 37˚C. Afterwards, 
Ca+2 imaging was performed using a fluorescent microscope 
(IX71, Olympus, Japan) equipped with a DP72 digital camera 
(Olympus, Japan) and analyzed in a custom- made Matlab 
macro. Calcium transient amplitude and calcium transient 
duration at 80% decay (CTD80) were calculated. In order to 
study the Ca+2 content of sarcoplasmic reticulum (SR), rapid 
puffs of 10 mM caffeine were applied and Ca+2 release was 
imaged. Fractional Ca+2 release (FCR) from the stores was 
calculated as the ratio of the amplitude of Ca+2 transient to the 
amplitude of the caffeine-induced Ca+2 release. 

Statistical methods

All data are presented as mean ± SEM from at least three 
independent biological replicates for each hiPSC line. 
Comparisons were made by analysis of variance (ANOVA, 
one-way and two way) or unpaired t test when appropriate, 
using GraphPad Prism version 6.01  (GraphPad Software, 
La Jolla California, USA) and considered significant when 
P<0.05.

Data availability
The datasets generated during and/or analysed during 

the current study are available from the corresponding 
author on reasonable request.
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Results
Systemic sclerosis fibroblasts were successfully 
reprogrammed to pluripotency in vitro

To generate SSc iPSC, primary fibroblasts were obtained 
from skin biopsy of each patient following receiving 
an informed written consent. Cells were reprogrammed 
with Yamanaka factors using retroviral vectors. After 
20 days, hESC-like colonies were picked and expanded 
for characterization (Fig.1A). Both SSc iPSC lines 
revealed strong ALP activity (Fig.1A) and expressed 
major hESC-specific markers (OCT4, NANOG, TRA-
1-60, and  TRA-1-81, Fig.1B). Furthermore, a normal 
karyotype was determined for both SSciPSC lines (S1-
iPS2 and S2-iPS3) indicating chromosomal stability 
during iPSC generation (Fig.1C). To further confirm 
reprogramming to pluripotency, the expression of OCT4 
and NANOG was evaluated which revealed that both 
S1-iPS2 and S2-iPS3 expressed endogenous OCT4 
and NANOG (Fig.1D). In addition, qRT-PCR analysis 
showed silencing of exogenous genes (OCT4, c-MYC, 
KLF4 and SOX2) in derived S1-iPS2 and S2-iPS3 (Fig.
S1, See Supplementary Online Information at www.
celljournal.org). Differentiation potency of S1-iPS2 
and S2-iPS3 into embryonic germ layers was evaluated 
by EB formation. To achieve that, iPSC were cultured 
in suspension for 12 days to form EB in the absence of 
bFGF and then transferred to ECM Gel-coated dishes 
for another 8 days. RT-PCR analyses demonstrated that 
ectoderm (PAX6 and TAU), mesoderm (Brachyury) and 
endoderm (ALB and FOXA2) specific markers were only 
expressed in differentiated S1-iPS2 and S2-iPS3but not in 
undifferentiated state (Fig.1E). Furthermore, spontaneous 
differentiation of iPSC lines resulted in the development 
of ectoderm, mesoderm and endoderm cells as reflected 
by upregulation of SOX1/PAX6, MESP1/Brachyury and 
FOXA2/AFP genes as specific markers of each germ 
layer, respectively (Fig.S2, See Supplementary Online 
Information at www.celljournal.org). Moreover, SSci PSC 
were transplanted into the subrenal capsule of 5-week-old 
NOD mice. After about 7 weeks, teratoma was formed, 
harvested and subjected to immunohistochemistry 
analyses. Our results demonstrated the presence of 
cartilage (mesoderm), gut-like epithelium (endoderm) 
and neural rosette (ectoderm) tissues in teratoma which 
further confirmed stemness of iPSC (Fig.1F). Altogether, 
these data showed that SSc fibroblasts were successfully 
reprogrammed to pluripotency.

Systemic sclerosis induced pluripotent stem cells were 
successfully differentiated into endothelial progenitor 
cells 

hiPSC lines were differentiated to ECs by a cocktail of 
growth factors and SMs (Fig.2A). Cells were collected 
on days 0, 1, 4, 6 and 8 of differentiation in order to 
evaluate the expression of endothelial genes and proteins. 
The highest level of Brachyury transcriptional expression 
was observed on day 1 (Fig.2B). The expression of KDR 
was substantially increased on day 6 of differentiation in 

iPSC lines (40.3 ± 7, 26.4 ± 8 and 15.9 ± 0.6 fold increase 
compared to undifferentiated state in C1-EC, S1-EC and 
S2-EC,  respectively, Fig.S3A, See Supplementary Online 
Information at www.celljournal.org). Flow cytometry 
analyses indicated that almost 30% of cells were KDR-
positive (Fig.2C) implicating their identical potential for 
endothelial progenitor cells (EPC) generation. Although 
the percentage of KDR expressing cells was similar in 
C1-EC and both SSc iPSC lines-derived EC, the levels 
of expression were reduced in SSc-ECs (Fig.S3B, See 
Supplementary Online Information at www.celljournal.
org).

Systemic sclerosis induced pluripotent stem cells-
derived endothelial cells showed defective angiogenesis

KDR-positive cells were sorted on day 6 and cultured in 
VEGF-A supplemented media on collagen I-coated plates 
to confluency (Fig.2A). Expression of CD31 (PECAM-1) 
as a late endothelial marker was substantially upregulated 
on differentiation day 8 (60.5 ± 10, 79.2 ± 11 and 63.4 ± 
6 fold increase compared to undifferentiated state in C1-
EC, S1-EC and S2-EC, respectively) which was followed 
by a fairly similar protein expression pattern (90.5 ± 1%, 
93.5 ± 1% and 87.7 ± 4% in C1-EC, S1-EC and S2-EC, 
respectively) (Fig.2D, E). Relative expression of CD31 
on differentiation day 8 was similar in iPSC lines-derived 
EC (Fig.S3B, See Supplementary Online Information at 
www.celljournal.org). In contrast, while VE-cadherin 
(CD144) expression in C1-EC peaked on differentiation 
day 8, neither S1-EC nor S2-EC showed upregulation 
of this endothelial specific marker (Fig.2F, G). C1-EC 
exhibited 87-fold rise in VE-cadherin expression during 
differentiation and 91.7% of C1-EC were positive for 
VE-cadherin. However, no more than 8.6 and 3.9% 
of differentiated S1-iPS2 and S2-iPS3 were CD144+, 
respectively. Immunostaining for CD31 and CD144 
showed a similar pattern to that for gene expression and 
further confirmed the protein expression results obtained 
from flow cytometry analyses. Furthermore, ECs derived 
from both C1-and SSciPSC, expressed endothelial 
marker vWF (von Willebrand factor) in a similar manner 
(Fig.2H). To evaluate the functional characteristics of 
differentiated ECs, the ability to uptake acetylated low-
density lipoprotein (AcLDL) as well as tube formation 
potential was examined. Both SSc iPSC-derived EC 
(SSc-EC) revealed strong AcLDL uptake capacity when 
incubated with these lipoprotein particles (Fig.3A). 
However, these ECs failed to form tubes (Fig.3B). While 
C1-EC developed vessel-like tubes with around 70 ± 5 
tubes/field, 134.3 branch points/field and mean tube area 
of 0.12 mm2 (Fig.3C-E, respectively), the number of 
well-formed tubes were substantially decreased to 10 ± 
7 and 13 ± 3 tubes/field in S1- and S2-EC, respectively 
(Fig.3C). This characteristic was also projected into a 
marked reduction in the number of branch points as well 
as smaller tube areas when tube formation ability of SSc-
EC was assessed (Fig.3D, E). These results suggested a 
defective angiogenic capacity for SSc-EC.

http://www.celljournal.org
http://www.celljournal.org
http://www.celljournal.org
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Fig.1: Characterization of established SSc iPSC. A. Phase contrast microscopy of established SSc iPSC clones [S1-iPS2 (patient 1) and S2-iPS3 (patient 2)] and 
ALP staining of derived iPSC (scale bar: 200 µm), B. Immunofluorescence staining demonstrated the expression of pluripotency markers (OCT4, NANOG, 
TRA-1-60 and TRA-1-81) in derived iPSC. Nuclei were counterstained with DAPI (scale bar: 100 µm), C. Both S1-iPS2 and S2-iPS3 lines maintained normal 
karyotype, D. qRT-PCR analysis showed endogenous OCT4 and NANOG expression in SSc iPSC to levels similar to those of healthy control-iPSC (C1-iPSC) 
while were silent in the HDF. Fold change was calculated by ∆∆Ct method and expression of each gene was normalized against GAPDH, E. RT-PCR analyses 
indicated the expression of differentiation markers for the three germ layers by EB-mediated differentiation (Diff) in comparison with undifferentiated 
state (Un), and F. Tissue morphology of teratoma derived from SSc iPSC (scale bar: 100 µm). Data are represented as mean ± SEM, n=3 (biological 
replicate). SSc; Systemic sclerosis, iPSC; Induced pluripotent stem cells, ALP; Alkaline phosphatase, qRT-PCR; Quantitative real-time polymerase chain 
reaction, HDF; Human dermal fibroblasts, and EB; Embryoid body.
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Fig.2: Differentiation of SSc iPSC toward endothelial lineage. A. A schematic diagram illustrating the endothelial differentiation protocol in which growth 
factors and small molecules were used, B. The relative expression of Brachyury gene during differentiation as assessed by qRT-PCR, C. Flow cytometry 
analysis of KDR expression on differentiation day 6 demonstrated no significant difference between SSc-EC and C1-EC, D. Similar expression of CD31 at 
mRNA and E. At protein levels in iPSC-derived EC, F. qRT-PCR analysis demonstrated that VE-cadherin was significantly downregulated in SSc-EC compared 
to C1-EC. The expression of each gene was normalized against GAPDH. The relative expression was calculated by ∆∆Ct method (undifferentiated state 
‘’D0’’ was set at 1), G. Expression level of VE-cadherin protein was measured by flow cytometry, and H. Immunofluorescence staining demonstrated the 
expression of vWF, CD31 and VE-cadherin in iPSC-derived EC. Nuclei were counterstained with DAPI (scale bar: 100 µm). All data are represented as mean 
± SEM. Comparisons were made by one-way and two-way analysis of variance (***; P<0.001). SSc; Systemic sclerosis, iPSC; Induced pluripotent stem cells, 
qRT-PCR; Quantitative real-time polymerase chain reaction, VE; Vascular endothelial, EC; Endothelial cells, C1-EC; Healthy control iPSC-EC, S1-EC; SSc1 
iPS2-EC, and S2-EC; SSc2 iPS3- EC. n≥3 (biological replicate) for all experiments.
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Downregulation of VE-cadherin and inability to form tubular 
network in SSc-derived ECs led us to examine VE-cadherin 
signaling and regulation.VE-cadherin/β-catenin signaling 
regulates the expression of matrix metalloproteinases (MMPs) 
in ECs during angiogenesis (17). The importance of MMPs in 
angiogenesis as well as possible angiogenesis-related changes 
in the expression of MMPs and VE-cadherin, was reported 
previously (18). In our in vitro differentiated SSc-ECs, while 
the expression of MMP1 was 2.4-fold upregulated in S1-
EC, MMP9 expression showed 12-fold decrease compared 
to C1-EC, suggesting a dysregulation of MMP1 and MMP9 
expression in S1-EC (Fig.3F). Scleroderma vessels have 
abnormal ECs which express regulator of G protein signaling 
5 (RGS5), a protein associated with vascular rarefaction, 
but lack normal VE-cadherin expression (19). Interestingly, 
relative expression of RGS5 was similar in C1-and S1-EC 
characterized in this study (Fig.3F). Moreover, the relative 
expression of endothelin 1 (EDN1), which is involved in 
vascular remodeling of SSc (20), showed similar patternin 
S1- and C1-EC (Fig.3F).

Multiple mechanisms are involved in regulation of 
VE-cadherin including mammalian target of rapamycin 
(MTOR) and phosphoinositide-3 kinase (PI3K) signaling 
(21). In order to address the mechanism involved in the 
downregulation of VE-cadherin in S1-EC, the expression 
of PI3KCA (PI3K catalytic subunit alpha) and MTOR was 
assessed in iPSC-derived EC. Transcriptional analyses 
showed significant upregulation of MTOR and PI3KCA in 
S1-EC compared to C1-EC. Furthermore, the expression 
of SNAI1, a transcriptional repressor of VE-cadherin, was 
markedly increased in SSc-EC, indicating the possible 
role of SNAI1 in downregulation of VE-cadherin (Fig.3F).

Systemic sclerosis induced pluripotent stem cells could 
generate functional cardiomyocytes

iPSC lines were subjected to cardiomyocyte differentiation 
in static suspension culture using a SM-based protocol 
(Fig.4A) which resulted in generation of spontaneously 
beating spheroids on day 7 that expanded to about 90% of 
spheroids on differentiation day  10. The ratio of beating 
spheroids was calculated daily and plotted for all three 
hiPSC lines (Fig.4B); this ratio peaked on day 10 (93.6 
± 1, 89.6 ± 0.9 and 90 ± 1.1% for healthy control iPSC-
derived cardiomyocytes [C2-CM], S1-CM and S2-CM, 
respectively) showing their similar cardiac differentiation 
potency. The efficiency of cardiogenic differentiation was 
evaluated in C2 and SSc iPSC by assessing the gene and 
protein expression of cardiac specific markers (Fig.4C-E). 
All C2-iPSC, S1-iPS2 and S2-iPS3 derived CM expressed 
cardiac specific genes encoding cardiac structural proteins 
namely; TNNT2 (cardiac type of troponin), MYL2 (myosin 
light chain 2) and MYH (myosin heavy chain), encoding 
calcium handling proteins; SERCA (sarco/endoplasmic 
reticulum Ca2+-ATPase), SLC8A1 (solut carrier family 
8 of member A1), CACNA1C (calcium voltage-gated 
channel), RYR2 (ryanodine receptor), TRDN (Triadin) 
and CASQ (calsequestrin), and encoding ion channels; 
KCNH2 (potassium voltage-gated channel). While MYL2, 
MYH6 and MYH7 were upregulated in S1-CM, relative 

expression of  these contractile apparatus-related genes 
were similar in S2-CM and C2-CM (Fig.4C). Furthermore, 
MYH6/MYH7 ratio was decreased by 4- and 2-fold in 
S1-CM and S2-CM, respectively compared to C2-CM. 
While expression of CASQ2 and KCNH2 was substantially 
higher in S1-CM, RYR2 expression was markedly elevated 
in both S1- and S2-CM. On the other hand, expression 
levels of other genes encoding calcium handling proteins 
(CACNA1C, TRDN, SERCA, and SLC8A1) were similar in 
all three hiPSC-derived CM. Protein expression of cTNT 
showed a similar pattern to that of its gene expression as 
reflected in immunostaining images; also, both SSc and 
C2 iPSC lines generated similar abundance of cTNT+ CM 
(Fig.4D, E). Altogether, these results indicated that SSc 
iPSC and healthy control iPSC have the same cardiogenic 
differentiation potential.

Systemic sclerosis induced pluripotent stem cells-derived 
CM revealed normal excitation-contraction coupling 

To evaluate the functional properties of differentiated 
CM, two components of excitation-contraction coupling 
were studied. FPs generated by spontaneously beating 
spheroids were recorded to study the electrophysiological 
properties of SSc and C2-CM (Fig.5A). All differentiated 
CM derived from either SSc iPSC or control iPSC, 
showed a normal beating frequency of about 65 beats per 
minute (bpm) (Fig.5B). FP duration (FPD) which provides 
information on the repolarization phase of cardiomyocytes’ 
excitation and has been reported to be well correlated with 
AP duration obtained from a single cardiomyocyte (22), did 
not differ between SSc-and C2-derived cardiac spheroids 
(Fig.5C). Furthermore, single spontaneously beating CM 
were evaluated for their AP. Two types of AP, one specific 
for working CM and the other specific for nodal-like cells, 
were observed in C2-CM, S1-CM and S2-CM (Fig.5D). 
Various AP parameters such as maximal diastolic potential 
(MDP), upstroke velocity (Vmax) and AP duration at different 
time-points of repolarization (APDx) as well as APD90/
APD50 ratio were used for AP classification (23). Analysis 
of AP parameters showed that working CM were highly 
frequent in both C2- and SSc iPSC-derived CM (Fig.5E-K). 
Electrophysiological characteristics of iPSC-derived CM are 
summarized in Tables S5 and S6 (See Supplementary Online 
Information at www.celljournal.org).

Ca2+ transients as another component of excitation-
contraction coupling was characterized in C2-CM, 
S1-CM and S2-CM. Ca2+ transient amplitude (Fig.
S4A,B, See Supplementary Online Information at 
www.celljournal.org) and CTD80 did not significantly 
differ between patient-specific and healthy CM (Fig.
S4C, See Supplementary Online Information at www.
celljournal.org). Furthermore, fractional Ca2+ release 
which represents the ratio of active intracellular Ca2+ bulk 
to whole intracellular Ca2+, did not vary betweenC1-CM, 
S1-CM and S2-CM (Fig.S4D, See Supplementary Online 
Information at www.celljournal.org). Fractional Ca2+ 
release is basically defined as the ratio of the excitation-
induced Ca2+ release to caffeine-induced Ca2+ release 
which depletes all intracellular Ca2+ stores. 

http://www.celljournal.org
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Fig.3: Functional analyses of SSc-EC. A. Immunofluorescence staining of C1-EC, S1-EC and S2-EC demonstrated DiI-LDL uptake by iPSC-derived EC. Nuclei 
were counterstained with DAPI (blue) (scale bar: 50 µm), B. SSc-EC did not form tube-like structures in vitro (scale bar: 500 µm), C-E. Analyses of tube-like 
structures demonstrated that SSc-EC lacked angiogenic properties, and F. Gene expression analysis in iPSC-derived EC. All data are represented as mean 
± SEM. Comparisons were made by one-way analysis of variance or unpaired t test when appropriate (* ; P<0.05, * * ; P<0.01, and ***; P<0.001). SSc; 
Systemic sclerosis, EC; Endothelial cells, iPSC; Induced pluripotent stem cells, C1-EC; Healthy control iPSC-EC, S1-EC; SSc1 iPS2-EC, and S2-EC; SSc2 iPS3-EC. 
n≥3 (biological replicate) for all experiments.
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Fig.4: Generation and characterization of SSc iPSC-derived CM. A. A schematic diagram of the static suspension culture system used to induce 
cardiac differentiation of hiPSC lines. Five days after expansion in hESC medium, hiPSC aggregates (average size, 175 ± 25 μm) were transferred 
to low-attachment dishes containing differentiation medium and treated with 12 µM CHIR99021 for 1 day. After 1-day rest, the aggregates 
were treated with IWP2, SB431542, and purmorphamine (5 µM each) for 2 days, after which the media was exchanged every 2-3 days, B. The 
percentage of beating spheroids over the experimental period (n=3, biological replicate), C. Expression of cardiac markers in iPSC-derived CM 
on differentiation day 30 as measured by qRT-PCR. Fold change was calculated by ∆∆Ct method and expression of each gene was normalized 
against GAPDH (n=3, biological replicate), D. α-actinin (green) and troponin T (red) immunostaining of iPSC-derived CM on day 30 of cardiac 
differentiation. Nuclei were counterstained with DAPI (blue) (scale bar: 50 µm), and E. Flow cytometry analysis of cTnT+ cells showed same cardiac 
differentiation efficiency for SSc iPSC and control iPSC (n=3, biological replicate). All data are represented as mean ± SEM. Comparisons were 
made by one-way analysis of variance or unpaired t test when appropriate (* ; P<0.05 and * *; P<0.01 shows significant differences versus healthy 
control).  SSc; Systemic sclerosis, iPSC; Induced pluripotent stem cells, CM; Cardiomyocytes, hiPSC; Human induced pluripotent stem cells, hESC; 
Human embryonic stem cells, qRT-PCR; Quantitative real-time polymerase chain reaction,C2-CM; Healthy control iPSC-CM, S1-CM; SSc1 iPS2-CM, 
and S2-CM; SSc2 iPS3- CM.
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Fig.5: Electrophysiological properties of SSc iPSC-derived CM. A. Representative extracellular FP recorded from iPSC-derived beating spheroids using 
MEA at baseline, B, C. Electrophysiological features of cardiomyocytes as assessed by MEA revealed similarities in spontaneous beating rate (bpm) 
and FPD between SSc iPSC-derived CM and C2-CM, D. Representative AP recorded from single CM using whole-cell mode of patch-clamp technique, 
and E-K. Statistical analyses of action potential characteristics showed no significant differences between C2- and SSc iPSC-derived CM. All data are 
presented as mean ± SEM. Comparisons were made by one-way analysis of variance (ANOVA). SSc; Systemic sclerosis, iPSC; Induced pluripotent stem 
cells, CM; Cardiomyocytes, FP; Field potential, MEA; Multielectrode array, FPD; Field potential duration, AP; Action potential, ISI; Inter spike Interval, 
FPA; Field potential amplitude, MDP; Maximal diastolic potential, APA; Action potential amplitude, Vmax; Maximal upstroke velocity, APD 30-70; Action 
potential duration measured at 30-90% of repolarization, C2-CM; Healthy control iPSC-CM, S1-CM; SSc1 iPS2-CM, and S2-CM; SSc2 iPS3- CM. (n≥7 in MEA 
experiments and n ≥ 18 in patch-clamp experiments).
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Systemic sclerosis induced pluripotent stem cells-
derived CM were responsive to cardioactive drugs

Heart rate and contractility are regulated by 
the autonomic nervous system (22). To study the 
responsiveness of differentiated CM to neurohormonal 
regulation, the effects of a β-stimulant and a β-blocker 
agent (isoproterenol and propranolol, respectively) on 
C2-CM, S1-CM and S2-CM were assessed. Baseline 
extracellular FP was recorded for each spontaneously 
beating spheroid mounted on the electrodes of a MEA 
plate followed by recordings in the presence of serial 
concentrations of isoproterenol (Iso). The FP recording 
was performed 300 seconds after Iso application and 
antagonized by serial concentrations of propranolol (Pro). 
Iso and Pro concentrations were chosen based on previous 
studies (22). β1-adrenergic stimulation by Iso substantially 
increased the spontaneous beating frequencies of iPSC-
derived CM (5 µM Iso vs. baseline; 1.4-, 1.8- and 1.7 fold 
in C2-CM, S1-CM and S2-CM, respectively) which were 
antagonized by Pro as reflected by substantial reduction of 
beating rates to values approaching baseline frequencies. 

Furthermore, Iso administration caused significant 
shortening of FPD and cFPD which were reversed by 
Pro treatment (Fig.6A, B). Thus, SSc iPSC-derived CM 
responded to β-adrenergic agonist and antagonist in 
a similar manner to C2-CM. Also, the effect of sotalol 
as a cardioactive drug that blocks hERG channel was 
assessed on SSc iPSC-derived CM. Serial concentrations 
of sotalol (100 nM, 10 µM, 30 µM, 100 µM, and 500 µM) 
caused a gradual reduction of beating frequencies which 
accompanied by significant concentration-dependent FPD 
prolongation (Fig.6C, D). Verapamil as an L-type calcium 
channel blocker, was also added to CM differentiated from 
SSc iPSC. While serial concentrations of verapamil (50, 
100, and 200 nM) induced a dose-dependent reduction of 
beating frequencies in C2-CM, it produced no effects on 
beating cycles of S1- and S2-CM. However, verapamil at 
concentrations ≥ 100 nM caused a significant reduction of 
FPD and cFPD in both patient-specific and control iPSC-
derived CM (Fig.6E, F). Drug concentrations were chosen 
based on pervious works (24). Altogether, these results 
indicated that SSc iPSC-derived CM, are responsive to 
some important cardioactive drugs.
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Fig.6: Response of SSc iPSC-derived CM to cardioactive drugs. A. Representative MEA traces showing FP shortenings induced by Iso treatment followed 
by FP prolongation after Pro administration, B. Iso significantly increased the beating frequency of CM derived from both SSc and control iPSC, but this 
increment was reversed by Pro. Iso reduced cFPD which was prolonged by Pro in hiPSC-derived CM, C. The prolongation of FP caused by sotalol, D. 
Reducing effect of sotalol on beating frequency. Treatment with sotalol prolonged the FPD and cFPD, E. The shortening of FP caused by verapamil, and 
F. Verapamil reduced beating rate of C2-CM and shortened the FPD and cFPD in iPSC-derived CM. All data are represented as mean ± SEM. Comparisons 
were made by one-way analysis of variance (ANOVA) or unpaired t test when appropriate (n ≥ 3, biological replicate). *; Shows significant differences of 
C2-CM, #; Significant differences of S1-CM and +; Significant differences of S2-CM following drug application (+, #, * ;  P<0.05, ##, ++, **; P<0.01, ###, +++, 
***; P<0.001), SSc; Systemic sclerosis, iPSC; Induced pluripotent stem cells, MEA; Multielectrode array, FP; Field potential, CM; Cardiomycyte, C2-CM; 
Healthy control iPSC-CM, S1-CM; SSc1 iPS2-CM, S2-CM; SSc2 iPS3- CM, Iso; Isoproterenol, Pro; Propranolol, bpm; Beats per minute, FPD; Field potential 
duration, and cFPD; Corrected FPD (corrected according to the Bazett Formula).

Discussion
Here, we reported the generation of iPSC lines from 

two patients with SSc and their endothelial and cardiac 
differentiation. ECs were successfully derived from 
iPSC using a cocktail of growth factors and SMs that 
target signaling pathways involved in vascular system 
development, in vivo. Although SSc iPSC possessed 
the same pluripotency characteristics as their healthy 
counterparts, they showed different EC differentiation 
potentials. Furthermore, we found that angiogenic activity 
was significantly reduced in SSc-EC. Although there 
were no alterations at the primary stages of endothelial 
differentiation as reflected in similar expression of 
KDR, maturation phase of ECs was altered as presented 
in downregulation of VE-cadherin and loss of tube 
formation. Consistent with our results, Fleming et al. (25) 
stained endothelium and showed loss of VE-cadherin 
from some vessels of SSc patients. In contrast, Wang 
et al. (26) did not observe alterations in VE-cadherin 
protein expression in SSc iPSC-derived EC. Moreover  
study, Cipriani et al. (27) characterized CD31+ sorted EC 
isolated from SSc patients and did not report impaired 
VE-cadherin expression.

The important role of  VE-cadherin in ECs’ tube 
formation is known so as anti-VE cadherin significantly 
decreased the number of tube structures in human umbilical 
vein ECs (HUVEC) (28). Importantly, VE-cadherin 
knockout resulted in defective EC maturation in animal 
models (29). Furthermore, Montero-Balaguer et al. (30) 
studied VE-cadherin function by making a knockdown 
of VE-cadherin in zebrafish using morpholino. They 

showed that partial VE-cadherin inactivation leads to 
vascular fragility, thus total amount of expressed protein 
is essential for vascular stability.

The role of MTOR in vascular development was 
previously reported (31). Bieri et al. (21) reported the 
regulatory effect of MTOR and PI3K signaling in VE-
cadherin expression of HUVEC. Despite their report, we 
did not observe a similar pattern for PI3K, MTOR and VE-
cadherin expression in SSc-EC suggesting there might be 
another mechanism involved in VE-cadherin regulation 
in SSc-ECs. It should be noted that in fibroblasts obtained 
from SSc patients, the expression of MTOR is elevated 
and it is involved in fibrotic response. Indeed, blockade of 
MTOR pathway is being studied as a potential therapeutic 
approach for scleroderma (32, 33).

Multiple mechanisms are involved in VE-cadherin 
regulation including Twist/Slug/Snail family which are 
transcriptional repressors of VE-cadherin gene (34). 
Lopez et al. (34) investigated the cause of VE-cadherin 
downregulation in ECs exposed to breast cancer cells-
conditioned media and found direct repression of VE-
cadherin promoter by Twist/Slug/Snail family. In the 
current study, we also observed upregulation of snail1 
which might be one of the regulatory mechanisms under 
lying VE-cadherin downregulation in SSc-EC.

Absence of VE-cadherin expression and subsequent 
defective angiogenic activity of SSc-EC motivated us 
to assess the effect of VE-cadherin signaling on MMPs 
expression, which play multiple roles in angiogenesis (35). 
Kiran et al. (18) reported a reciprocal relationship between 
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VE-cadherin and MMPs during angiogenesis. There are 
conflicting data on MMPs expression in scleroderma. 
While some researchers reported downregulation of MMP1 
in scleroderma patients with increases in the levels of tissue 
inhibitor of MMP (TIMPs) (36), other studies reported the 
increased expression of MMP1 in SSc fibroblasts compared 
to healthy fibroblasts (37). Moreover, Kim et al. (38) 
investigated the expression of MMP9 in 42 SSc patients 
and observed elevated levels of MMP9. In contrast, Fuzii 
et al. (39) found decreased expression of MMP9 in dermal 
fibroblasts of SSc patients. In the present study, we also 
observed alterations in MMP1 and MMP9 expression in 
patients’ iPSC-derived EC; however, no reciprocal relation 
between MMP9 and VE-cadherin expression was found.

As majority of SSc patients suffer from cardiac 
involvements (6), we also investigated the cardiac 
differentiation of SSc iPSC and found similar cardiogenic 
potential when comparing these cells and the healthy 
control iPSC. A substantial percentage of differentiated 
CM was positive for the cardiac marker cTNT, in all three 
hiPSC-derived CM indicating the successful cardiac 
differentiation of SSc iPSC. The time course required 
for generation of beating CM from SSc iPSC and the 
efficiency of cardiogenesis were similar to those observed 
for healthy control. A similar pattern for cardiac specific 
markers and ion channels expression was observed in SSc 
iPSC-derived CM and C2-CM. Also, key components 
of the excitation-contraction complex were similarly 
expressed in patients and healthy differentiated CM. 
Notably, the expression level of MYH6, MYH7 and MYL2 
was increased in S1-CM and the MYH6/MYH7 ratio was 
lower in both patient-derived CM compared to C2-CM 
which may indicate more mature phenotype of SSc iPSC-
derived CM; however, the similar functional properties 
were found in all cardiomyocytes. SSc-derived CM also 
exhibited functional ion channels resulting in appropriate 
response to pharmacologically active compounds.

Conclusion
The present study reports the successful differentiation 

of SSc iPSC into endothelial and functional cardiac cells 
that would provide a unique opportunity for mechanistic 
studies of scleroderma pathogenesis and possible targeted 
drug discovery.
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Abstract
Objective: The aim of present study was to isolate and differentiate human adipose-derived stem cells (ASCs) into 
odontoblast-like cells.  

Materials and Methods: In this experimental study, human adipose tissues were taken from the buccal fat pad of 
three individuals (mean age: 24.6 ± 2.1 years). The tissues were transferred to a laboratory in a sterile culture medium, 
divided into small pieces and digested by collagenase I (2 mg/mL, 60-90 minutes). ASCs were isolated by passing 
the cell suspension through cell strainers (70 and 40 µm), followed by incubation at 37ºC and 5% CO2 in Dulbecco’s 
modified eagle medium (DMEM) supplemented with fetal bovine serum (FBS 5%) and penicillin/streptomycin (P/S). 
After three passages, the ASCs were harvested. Subsequently, flow cytometry and reverse transcriptase polymerase 
chain reaction (RT-PCR) were used to detect expression levels of NANOG and OCT4 to evaluate stemness. Then, 
a differentiation medium that included high-glucose DMEM supplemented with 10% FBS, dexamethasone (10 nM), 
sodium β-glycerophosphate (5 mM) and ascorbic acid (100 µM) was added. The cells were cultivated for four weeks, 
and the odontogenic medium was changed every two days. Cell differentiation was evaluated with Alizarin red staining 
and expressions of collagen I (COL1A1), dentin sialophosphoprotein (DSPP) and dentin matrix protein-1 (DMP1). 

Results: The ASCs were effectively and easily isolated. They were negative for CD45 and positive for the CD105 and 
CD73 markers. The ASCs expressed OCT4 and NANOG. Differentiated cells highly expressed DSPP, COL1A1 and 
DMP1. Alizarin red staining revealed a positive reaction for calcium deposition.  

Conclusion: ASCs were isolated successfully in high numbers from the buccal fat pad of human volunteers and were 
differentiated into odontoblast-like cells. These ASCs could be considered a new source of cells for use in regenerative 
endodontic treatments.
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Introduction

Stem cells (SCs) have self-renewal ability and the 
potential to differentiate into several kinds of mature 
cells, including cardiac, nerve and cartilage; they also 
maintain their survival and do not undergo atrophy and 
premature hyperplasia (1). In general, SCs are divided 
into two groups - embryonic and postnatal, depending on 
their characteristics. Embryonic SCs (ESCs) have a great 
ability to differentiate, but their application is associated 
with substantial medical ethics challenges. Postnatal 
SCs are undifferentiated cells that are located among 

differentiated and specialized cells of various tissues (2).

A type of postnatal SC, described as non-hematopoietic 
SCs that reside in the bone marrow is called mesenchymal 
SCs (MSCs). These cells are multipotent and can be isolated 
from several tissues without serious ethical problems; they 
can also be multiplied in vitro (3). Importantly, MSCs 
derived from various tissues, although having similar 
general properties, are not exactly alike and vary in terms 
of proliferation and immune suppression capacity and 
ability to differentiate into different tissues (4). 
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Several types of progenitor/SCs specific to dental tissues 
have been isolated and identified (5). Moreover, there are 
other oral tissues from which MSCs can be isolated (6, 7). 
The use of host SCs reduces inflammatory responses and 
potential problems with cross infection; therefore, progenitor 
and SCs of adult tissues such as dental pulp SCs (DPSCs) 
(8), SCs from human exfoliated deciduous teeth (SHEDs) 
(9), SCs of the apical papilla (SCAPs) (10) and bone marrow 
SCs (BMSCs) (11) have been used to regenerate pulp tissue. 
There are various reports that discuss transplantation of 
MSCs from dental tissue into root canals for endodontic 
regeneration, and many protocols have been suggested that 
use the cell-based approach (12, 13). Nevertheless, for most 
adult patients with a necrotic tooth who are candidates for 
pulp regeneration, the majority of the MSCs from dental 
tissues, including DPSCs, SHEDs and SCAPs, are not 
available. This might open up a new idea of using other 
sources of MSCs. At the same time, there is a move towards 
the use of adipose-derived SCs (ASCs) in regenerative 
medicine (14, 15). 

ASCs can be extracted in large volumes and have the 
capability to grow and proliferate in great numbers. In 
addition, the efficacy of ASCs, unlike other MSCs (16), does 
not change with age, and is not affected by gender, obesity 
and various diseases, such as vascular diseases (17). Several 
studies have reported that ASCs generate the nerve growth 
factors that improve remyelination in impaired nerves and 
are more resistant to apoptosis (18, 19). ASCs can also 
express specific characteristics of nerve and glial cells (20). 

Given the advantages and appropriateness of this 
available resource of SCs, the present study aimed to 
assess the isolation and differentiation of ASCs into 
odontoblast-like cells.   

Materials and Methods
The protocol of the present experimental study was 

approved by the Regional Bioethics Committee affiliated 
with Kermanshah University of Medical Sciences 
(KUMS), Kermanshah, Iran (#3009137 and #IR.KUMS.
REC.1398.862).

Isolation of adipose-derived stem cells
Human adipose tissue was taken from additional 

unwanted fat from the buccal fat pad of three patients (2 
females and 1 male, following their informed consent) 
who were candidates for maxillary LeFort osteotomies. 
Their mean age was 24.6 ± 2.1 years. The samples were 
transferred to a laboratory under sterile conditions using 
a culture medium. The tissues were chopped and digested 
by collagenase I (Sigma-Aldrich, Germany, 2 mg/mL, 60-
90 minutes). The cell suspension was then centrifuged for 
10 minutes at 1500 rpm. Then, the ASCs were isolated by 
passing the cell suspension through cell strainers (70 and 
40 µm), and the ASCs were incubated at 37ºC and 5% CO2 
in Dulbecco’s modified eagle medium (DMEM, Gibco, 
Germany) supplemented with 5% fetal bovine serum (FBS, 
Gibco) plus penicillin/streptomycin (P/S, Gibco, Denmark).

Flow cytometry 
Mesenchymal (CD105, CD73) and non-mesenchymal 

(CD45) markers were used to confirm the stemness of 
the ASCs. Passage-3 isolated ASCs were washed twice 
with flow cytometry buffer that contained phosphate-
buffered saline (PBS) plus 0.5% bovine serum albumin. 
Anti-CD105-PE, anti-CD73-PreCP and anti-CD45-FITC 
were used for identification of the ASCs. The cells were 
incubated with 10 μL of each isotype antibody for 45 
minutes at 4˚C. The isolated ASCs were washed three 
times with flow cytometry buffer and fixed with 1% 
paraformaldehyde.

Differentiation of adipose-derived stem cells
The ASCs were cultured in differentiation medium 

that contained high-glucose DMEM supplemented with 
FBS (10%), dexamethasone (10 nM, Sigma-Aldrich, 
Germany), sodium β-glycerophosphate (5 mM, Sigma-
Aldrich, Germany) and ascorbic acid (100 µM, Sigma-
Aldrich, Germany) for 4 weeks (Table 1) (21, 22). 

Table 1: Differentiation protocol

Material* Company Concentration
Dexamethasone Sigma-Aldrich 10 nM

Sodium β-glycerophosphate Sigma-Aldrich 5 mM

Ascorbic acid Sigma-Aldrich 100 µM

*; Differentiation medium consisted of the above materials added to high-
glucose Dulbecco’s modified eagle medium (DMEM) supplemented with 10% 
fetal bovine serum (FBS). 

Reverse transcriptase polymerase chain reaction 
After three passages and to ensure that no false positive 

response was present for expressions of NANOG and 
OCT4, we compared the ASCs to precharacterised SHEDs 
(23) in terms of expression levels of NANOG and OCT4 
for evaluation of stemness. To analyse differentiation, 
dentin sialophosphoprotein (DSPP), dentin matrix protein 
(DMP) and collagen I (COL1A1) gene expressions by 
using a semi-quantitative polymerase chain reaction (PCR) 
were performed. One μL of cDNA was used as a template 
in reverse transcriptase PCR (RT-PCR) and was added to 
12.5 μL of 2x Master Mix RED (1.5 mM MgCl2, Merck, 
Germany) that included 150 mM Tris-HCl (pH=8.5), 40 
mM NH4, 3 mM MgCl2, 0.2% Tween® 20, 0.4 mM of each 
dNTP, 0.2 U/μL Amplicon Taq DNA polymerase, an inert 
red dye and stabilizer, 1 μL of each primer (10 μM), and 
up to 25 μL nuclease-free water. Amplification was carried 
out using a thermocycler (Eppendorf AG 22331, Hamburg, 
Germany). The conditions for RT-PCR amplification were 
as follows: an initial denaturation at 94˚C for 5 minutes, 
30 cycles of three-step PCR that consisted of 94˚C for 20 
seconds, 60˚C for 25 seconds and 72˚C for 45 seconds, 
and a final extension at 72˚C for 10 minutes. The RT-PCR 
output was used for the electrophoresis agarose gel (1.5%) 
along with molecular weight markers. Table 2 lists the 
primers used in this study.
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Mineralization evaluation 
The cells were incubated with 40 mM Alizarin red stain 

(pH=4.2) for 10 minutes. Then, the cells were washed five 
times with PBS. After each wash, the cells were centrifuged 
with PBS to reduce the non-specific Alizarin red stain dye 
and were analysed to detect calcified nodular deposition.

Results 

After 24 hours of culture, we observed small, spheroid 
and translucent ASCs. The ASCs were passaged when 
they became 70-80% confluent; at this stage the ASCs had 
a spindle morphology (Fig.1). 

Table 2: Gene primer sequences

Gene Accession number Annealing 
temperature (˚C)

Size (bp) Primer sequence (5ˊ-3ˊ) Reference

DSPP NM_014208 60 118 F: CAGTACAGGATGAGTTAAATGCCAGTG (24)

R: CCATTCCCTTCTCCCTTGTGACC

DMP1 NM_004407 60 211 F: GAGAGTCAGAGCGAGGAA Present study

R: CTTGGCAGTCATTGTCATC

COL1A1 NM_000088 60 128 F: GTGCTAAAGGTGCCAATGGT (25)

R: ACCAGGTTCACCGCTGTTAC

NANOG NM_024865 60 158 F: CAAAGGCAAACAACCCACTT (26)

R: TCTGCTGGAGGCTGAGGTAT

POU5F1 (OCT-4) NM_002701 60 110 F: AGTGAGAGGCAACCTGGAGA (27)

R: ACACTCGGACCACATCCTTC

Fig.1: In vitro culture of isolated adipose-derived stem cells (ASCs) during different culture periods. A. After one week, B. Cellular sphere at passage three, 
and C. Odontoblast-like cells after 28 days treatment by differentiation medium (scale bar: 50 µm).
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C

B
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At passage three, the ASCs expressed OCT4 and 
NANOG (Fig.2), similar to precharacterised SHEDs. This 
showed that there was no false-positive response to the 
expressions of NANOG and OCT4. The flow cytometry 
results showed that isolated the ASCs were positive for 
CD105 and CD73, and negative for CD45 (Fig.3).

The ASCs differentiated into odontoblast-like cells after 
four weeks incubation in differentiation medium. The 
cells increased in size, and became nodular with a more 

oval and/or round shape (Fig.1C). Expressions of three 
genes associated with odontoblast-like cell differentiation 
(COL1A1, DSPP, and DMP1 genes) were confirmed 
(Fig.2).

ASCs that differentiated into odontoblast-like cells 
after four weeks were analysed for mineralization with 
Alizarin red staining. There was detectable calcified 
nodular deposition in these ASCs compared with the 
control group (Fig.4).

Fig.2: Reverse transcriptase polymerase chain reaction (RT-PCR) of stemness genes of adipose-derived stem cells (ASCs) and odonobaslt-like cell specific 
genes. A. Representative example of RT-PCR for gene expression analysis. 1; 100 bp DNA ladder (Lad), 2; NANOG (SHEDs), 3; NANOG (ASCs), 4; OCT4 
(SHEDs), 5; OCT4 (ASCs). B. Representative example of RT-PCR for gene expression analysis. 1; 100 bp DNA ladder (Lad), 2; DSPP after 14 days treatment 
with differentiation medium, 3; DSPP after 21 days treatment with differentiation medium, 4; DSPP after 28 days treatment with differentiation medium, 
5; DMP1, 6; COL1A1, 7; Control group (ASCs after 28 days treatment with culture medium without the differentiation medium).

Fig.3: Flow cytometry results show that the isolated adipose-derived stem cells (ASCs) were positive for  CD105, CD73, and negative for CD45.

A

B
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Fig.4: Alizarin Red Stainaning of odontoblast-like cells. A. Calcium deposition of odontoblast-like cells using Alizarin red staining after 28 days of treatment 
with differentiation medium. B. Control group (scale bar: 50 µm).

Discussion 
Several types of SCs specific to dental tissues (DPSCs, 

SCAPs, SHEDs and BMSCs) have been isolated and 
evaluated for endodontic regeneration (8-11). MSCs that 
are derived from various tissues are similar in terms of 
general characteristics; however, they differ in terms of 
proliferation, immune suppression, and the ability to 
differentiate into various tissues (7). To date, no study 
has evaluated the differentiation potential of ASCs from 
human buccal fat pad into odontoblast-like cells. It has 
been reported that this adipose tissue may have neural 
crest origin (28), and the present study supports the 
concept that differentiation into odontogenic-like cells 
can occur in ASCs from the human buccal fat pad if 
sufficient signals are provided.

ASCs have self-renewal ability and potential to 
differentiate into various lineages of mesenchymal tissue. 
These cells resemble similar surface antigens such as 
MSCs, but are not identical to BMSCs (29). In vitro studies 
have shown that they can differentiate into different 
lineages, including adipocytes, cartilage, bone, muscle, 
hematopoietic, neural, liver, angiogenic, and epithelial 
cells (30). ASCs express mesenchymal markers such as 
CD90, CD44 and CD105, and negative expression of the 
hematopoietic markers CD14, CD34 and CD45 (31). The 
results of the present study revealed that ASCs expressed 
CD90, CD105, OCT4 and NANOG, as do SHEDs.

Several protocols and growth factors have been 
introduced for differentiation of MSCs into odontoblast-
like cells. These include bone morphogenetic proteins 
(BMPs) (32), transforming growth factor (TGFβ1-3) 
(32), nerve growth factor (NGF) (33) and fibroblast 
growth factor (FGF-2) (34). Wu et al. (35) reported that 
ASCs could differentiate into odontoblast-like cells using 
the inguinal fat pads of mice as a source for ASCs. In 
the present study, we used a simple and inexpensive 
protocol that was composed of dexamethasone, 
sodium β-glycerophosphate and ascorbic acid. By 

altering the composition of these growth factors, the 
differentiation of these cells was altered and the cells 
had the capability to express markers of odontoblasts 
or osteoblasts, depending on their exposure to different 
combinations of growth factors. Other studies have 
evaluated growth factors administered alone or in 
different combinations to enhance differentiation of 
odontoblast-like cells (36-38).

The results of the present study revealed that these 
ASCs differentiated into odontoblast-like cells and 
expressed COL1A1, DMP1 and DSPP genes after four 
weeks of treatment, whereas after two weeks the cells 
did not express these markers. DSPP is produced by 
odontoblasts inside the tooth pulp. However, osteoblasts 
can also produce this protein. DSPP plays a pivotal role 
in mineral deposition during dentinogenesis (39). Type I 
collagen is the major protein of dentin and regulates the 
expression level of DMP1. It has been demonstrated that 
type I collagen and DMP1are expressed mainly in active 
odontoblasts (40).

It has been reported that ASCs could be used for 
regeneration (15). However, human ASCs, particularly 
buccal fat pad for complete pulp regeneration, has 
not been evaluated. Using this line of cells may open 
new fields of research for endodontic regeneration 
treatments. They can be extracted in large volumes 
from the buccal fat pad and can grow and proliferate 
in large numbers. In addition, the efficacy of ASCs, 
unlike other MSCs, does not change due to age, 
gender, or obesity. 

Conclusion
In the present in vitro study, high numbers of ASCs 

were isolated successfully from the human buccal fat 
pad and were differentiated into odontoblast-like cells. 
A subsequent in vivo study is suggested to evaluate the 
differentiation potential of ASCs into odontoblast-like 
cells.

A B

I

https://en.wikipedia.org/wiki/Odontoblast
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Abstract
Objective: Numerous evidence indicates that microRNAs (miRNAs) are critical regulators in the spermatogenesis 
process. The aim of this study was to investigate Mir-106b cluster regulates primordial germ cells (PGCs) differentiation 
from human mesenchymal stem cells (MSCs). 

Materials and Methods: In this experimental study, samples containing male adipose (n: 9 samples- age: 25-40 years) 
were obtained from cosmetic surgeries performed for the liposuction in Imam Khomeini Hospital. The differentiation 
of MSCs into PGCs was accomplished by transfection of a lentivector expressing miR-106b. The transfection of miR-
106b was also confirmed by the detection of a clear green fluorescent protein (GFP) signal in MSCs. MSCs were 
treated with bone morphogenic factor 4 (BMP4) protein, as a putative inducer of PGCs differentiation, to induce the 
differentiation of MSCs into PGCs (positive control). After 4 days of transfection, the expression of miR-106b, STELLA, 
and FRAGILIS genes was evaluated by real-time polymerase chain reaction (PCR). Also, the levels of thymocyte 
differentiation antigen 1 (Thy1) protein was assessed by the western blot analysis. The cell surface expression of CD90 
was also determined by immunocytochemistry method. The cytotoxicity of miR-106b was examined in MSCs after 24, 
48, and 72 hours using the MTT assay.
 
Results: MSCs treated with BMP4 or transfected by miR-106b were successfully differentiated into PGCs. The results 
of this study also showed that the expression of miR-106b was significantly increased after 48 hours from transfection. 
Also, we showed STELLA, FARGILIS, as well as the protein expression of Thy1, was significantly higher in MSCs 
transfected by lentivector expressing miR-106b in comparison with MSCs treated with BMP4 (P≤0.05). MTT assay 
showed miR-106b was no toxic during 72 hours in 1 µg/ml dose, that this amount could elevated germ cells marker 
significantly higher than other experimental groups (P≤0.05). 

Conclusion: According to this findings, it appears that miR-106b plays an essential role in the differentiation of MSCs 
into PGCs.
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Introduction

Infertility is a serious physiological problem in human 
populations, especially in young adults. Epidemiological 
studies have showed that, male infertility accounts for 
approximately 50% of all causes of infertility among 
couples (1). Transplantation of stem cells for infertility 
has attracted many attention of researchers in recent 
years. Germ cells are differentiated cells that contribute to 
the complicated processes of fertilization. To date, many 
researchers have devoted themselves to reproducing 
germ cell differentiation, or gametogenesis, in vitro (2). 
It has been established that mesenchymal stem cells 
(MSCs) which are mainly derived from bone marrow 
or adipose tissues have great potentials (3) for the repair 
of various types of tissues. MSCs can differentiate into 
bone, neurons, adipose, cartilage, muscle, hepatocytes, 
insulin-producing cells, and skin in proper conditions in 
vivo (3-5). Also it is stated that MSCs have been regarded 
as an attractive and promising tool for cell-based therapy 
in immune disorders and inflammatory diseases, as 

well as for regenerative medicine, owing to their potent 
immunomodulatory function, paracrine effects and 
capacity of multilineage differentiation. Previously, other 
researcher show that generation of spermatogonial stem 
cells (SSCs) from MSCs in vitro (6).

Furthermore, stem cells can be readily isolated, they 
have high proliferation rates and high potentials for the 
differentiation into various types of cells. Based on these 
features, they could be valuable to be applied for autologous 
transplantation. Nayernia et al. (7) demonstrated that 
murine bone marrow stromal cells (BMSCs) are able to 
differentiate into early germ cells in vitro and in vivo. 
Also, Cakici et al. (8) recently demonstrated that adipose 
tissue-derived mesenchymal stem cells (ASCs) which 
were probed by green fluorescent protein (GFP) are 
capable differentiating into sperm-like cells that could 
lead to the recovery of fertility in a rat model of busulfan-
treated azoospermia (9). 

It has been shown that BMP4 and retinoic acid are 
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frequently employed for the differentiation of MSC into 
spermatogonial cells. However, only a small proportion 
of cells would be able to differentiate, or in the case of 
differentiation, they would not be capable of continuing 
the spermatogenesis process. Recently researchers have 
been focused on short sequences of micro RNAs for the 
differentiation of MSCs into different lineages of cells.

MicroRNAs can regulate the expression of the vast 
majority of proteins at post-translational level by miRNA-
induced silencing complex (miRISC). This complex is 
able to bind their target mRNAs, and then it degrades the 
synthesized mRNAs, leading to the silencing of a particular 
gene. The silencing of genes is an essential biological 
phenomenon by which numerous cellular processes 
including self-renewal, proliferation, differentiation, and 
apoptosis could be fine-tuned (10). Moreover, studies 
have reported that miRNAs are highly expressed and they 
are involved in the process of spermatogenesis (11-17). In 
line with this study, the loss of DICER (a protein which 
facilitates the activation of the RISC activation) could 
be resulted in a defect in germ cell development (18, 
19). Tong et al. (20), characterized the active miRNAs 
involved in the development of spermatogonial cells 
by the microarray method. These researchers identified 
the profile of a number of miRNAs in undifferentiated 
spermatogonial cells (THY1+-enriched). 

Other study showed that Mirlet7 family plays a 
significant role in the spermatogonial differentiation (19). 
Also other reports indicated that both miR-17-92 (miRc1) 
cluster and its paralog miR-16b-25 (miRc2) cluster 
contribute to the self-renewal of SSCs and the promotion 
of the proliferation of undifferentiated spermatogonial 
cells. The spermatogonial differentiation depends on 
several intrinsic and extrinsic signaling proteins, modulate 
the expression of the leading genes. The downregulation 
of LIN28, MYC, MYCN, miR-17-92 (miRc1), and miR-
106b-25 (miRc3) promotes the differentiation of the 
undifferentiated spermatogonial cells (16). The field of 
biotechnology has a tremendous and pivotal contribution 
to the manipulation of cellular contents to obtain the 
desired outcomes in biological events. The transfection of 
cells with miRNAs is one of the exemplary strategies for 
the overexpression/downregulation of a particular miRNA 
to alter cellular behaviors. This strategy has become an 
important tool in miRNA-based therapeutics (21). The goal 
of the current research has been focused on the role of the 
miR-106b cluster in the differentiation of adipose-derived 
MSCs (ADMSCs) into PGCs independent of the use of 
BMP4. The corresponding miRNA was overexpressed in 
ADMSCs for 4 days to induce the differentiation of these 
types of cells.

Materials and Methods
Ethics statement

In this experimental study, the perusala case-control 
was approved by the Human Ethics Committees of Azad 
University (Code number: IR.IAU.SRB.REC.1396.71). 

The adipose tissue were removed and transferred under 
the approved protocols to the research laboratory. All 
efforts were made under sterile conditions.

Cell isolation and culture
Samples containing male adipose (n: 9 samples- age: 

25-40 years) under local anesthesia were obtained from 
cosmetic surgeries performed for the liposuction in Imam 
Khomeini Hospital (all subjects signed an informed 
consent). Samples were washed several times in phosphate 
buffered saline (PBS, Gibco, Germany). Then, the tissues 
were minced and treated with an equal volume of 0.075% 
type I collagenase (Sigma, Germany) with continuous 
agitation at 37˚C for 1 hour. The enzyme activity was 
neutralized with Dulbecco’s Modified Eagle Medium 
(DMEM) high glucose without glycerophosphate (Sigma, 
Belgium) solution containing 10% fetal bovine serum 
(FBS, Gibco, UK) and then centrifuged at 1200 ×g for 
10 minutes to obtain a high-density cell pellet (Clinical 
Benchtop Centrifuges). The resultant supernatant was 
discharged, and stromal vascular fraction (SVF) pellet 
was mixed with 2,000 µl DMEM solution using a pipette. 
The suspended cells were subsequently passed through 
100 µm nylon filter mesh (Falcon Company, USA) 
and incubated at 37˚C in 5% CO2 in DMEM solution 
containing 10% FBS. The medium was replaced every 2 
days.

Characterization of adipose-derived stem cells by 
Flow cytometry

ADSCs were washed three times in PBS and then 
centrifuged (Hettich, Germany) at 400 g for 5 minutes and 
resuspended in ice cold PBS. For the blockade of non-
specific bindings, the cells were rinsed with 10% bovine 
serum albumin (BSA, Gibco, UK) in PBS for 30 minutes, 
washed three times in PBS, and incubated with mouse 
anti-human CD90 (Abcam, Germany), Rabbit anti-
human CD105 (Abcam, Germany), Rabbit anti-human 
CD34 (Abcam, Germany) and rabbit anti-human CD45 
(Abcam, Germany), Mouse anti-human CD44, Mouse 
anti-human CD73 as a primary antibody at 4˚C for 1 hour. 
Then, the primary antibodies were washed three times in 
PBS at room temperature and incubated with goat anti-
rabbit IgG conjugated with FITC and goat anti-mouse 
IgG conjugated with phycoerythrin (PE) as a secondary 
antibody at a ratio of 1:100 at 37˚C for 30 minutes in the 
dark. Afterward, the cells were washed twice in PBS, 
centrifuged at 400 g for 5 minutes, and evaluated by flow 
cytometry (Olympus, Japan). The percentage of positive 
cells was calculated with respect to the negative control. 
The isotype antibody was applied in negative controls.

Osteogenic differentiation
To induce the differentiation of ADSCs (at the fourth 

passage) into osteogenic cells, the culture medium of 
ADSCs changed to osteogenic maintenance medium 
containing 10 mM β-glycerophosphate, 0.2 mM ascorbic 
acid, and 7-10 M dexamethasone for 21 days ( all chemicals 
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were purchased from Sigma, UK). Cells in a culture 
medium were nourished every three days throughout the 
study. To confirm the differentiation of osteogenic cells, 
Alizarin Red S stain was used. Briefly, the osteogenic 
medium was removed and washed three times in PBS. 
The cells were fixed in 70% ethanol at 4˚C for 1 hour. 
After the fixation process, cells were rinsed in deionized 
water and air-dried. The fixed cells were stained with 2% 
Alizarin Red S (pH=7.2, Sigma, Belgium) at 37˚C for 1 
hour, washed in deionized water, and photographed under 
an inverted microscope (Olympus, Japan). 

Adipogenic differentiation
ADSCs at the fourth passage were incubated for 21 

days with adipogenic maintenance medium containing 
50 μg/ml indomethacin, 50 μg/ml ascorbic acid, and 100 
nM dexamethasone (all chemicals were purchased from 
Sigma, Germany). The medium changed every three days. 
The adipogenic differentiation was confirmed using Oil 
Red O (Sigma, Germany) staining. Briefly, the adipogenic 
medium was removed and washed three times in PBS. 
The cells were fixed in 10% formalin for 30-60 minutes at 
room temperature, washed in distilled water, and treated 
with 2 mL isopropanol (60%) for 5 minutes. Then, they 
were removed and stained with Oil Red O (2 mL to each 
well) at room temperature for 5 minutes. Finally, the 
cells were rinsed in tap water and photographed under an 
inverted microscope (Olympus, Japan). 

Study design
The induction of PGCs differentiation was performed 

based on previously research (22). At the fourth passage, 
the sub-confluent culture of MSCs maintained in DMEM 
solution supplemented with 10% FBS. Forty-eight hours 
prior to the induction of PGCs differentiation, media were 
replaced with pre-induction media consisting of DMEM, 
20% FBS, and 25 ng/ml BMP4 (BME; Sigma, St. Louis, 
MO, Germany). To induce the PGCs differentiation and 
enrichment, the pre-induction media were removed, 
and the cells were washed with PBS. After that, cells 
were transfected by a lentivector expressing miR-106b. 
The percentage of PGCs-like cells was calculated in 10 
randomly chosen fields under an inverted microscope. 
Each experiment was carried out triplicate.

MiR-106b transfection
A lentiviral vector expressing miR-106b was procured 

from Gene Copoeia Inc. The lentivirus containing miR-
106b and its control vector was purchased from Biosettia 
(USA). The lentivirus was generated regarding the User 
Manual of theLenti‐Pac™ HIV Expression Packaging 
Kit (GeneCopoeia, Inc.). For the transfection of ADSCs 
with lentivirus, 1×106 ADSCs were seeded on the plates, 
and 20 µl of virus suspension (MOI of 50) was added to 
the plates. The miR-106b and its negative control were 
transfected into pre-inducted ADSCs using lipofectamine 
3000 (Invitrogen, USA), in accordance with the 
manufacturer’s instructions. The cells were transferred to 

a plate, and cultured in 5% CO2 at 37˚C for 4 days.

Reporter gene assay
Hek293 cells were infected with lentivirus carrying the 

miR-106b for 2 days. The GFP activity was monitored 
24 hours after the transfection using the fluorescent 
microscopy assay system (Labo Med, USA). The GFP 
activity was considered as an internal control.

Cell cytotoxicity assay
To determine the cytotoxicity of miR-106b transfection 

in MSCs, the cell viability was measured using MTT 
(3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 
bromide (Atocel, Austria).  Briefly, 1× cells were seeded 
on 96 well-plates and incubated at 37˚C overnight to 
allow the cells to adhere. The cells were then treated 
with multiple concentrations of miR-106b including 0, 
0.25, 0.5, and 1 µg of the corresponding miRNA. After 
the incubation, cells were incubated with MTT solution 
(5 mg/ml) for 4 hours at 37˚C and then the medium was 
removed to solubilize formazan crystals. Afterward, 100 
µl dimethyl sulfoxide (DMSO, Merck, Germany) was 
added to each well, and the absorbance was measured 
using an ELISA reader (Bio-Rad Laboratories, USA) 
at an excitation wavelength of 570 nm. The percentage 
of viability was evaluated by the comparison of the 
absorbance of treated cells with the control cells. 

Immunocytochemistry
Cultured PGCs were fixed with 4% paraformaldehyde, 

incubated with primary antibody, at a dilution of 1:100, 
against CD90 (Santa Cruz Biotechnology, Santa Cruz, 
CA, USA) at 4˚C overnight. Then, the cells incubated 
with secondary antibody conjugated with FITC at room 
temperature for 1 hour. DAPI (Sigma, Germany) was 
applied for the staining of the cell nucleus. The antibody 
against CD90 was used at a 1∶100 dilution.

Western blot analysis
Cells were harvested and lysed in lysis buffer (RIPA, 

Beyotime Institute of Biotechnology, China) supplemented 
with protease inhibitors (PMSF, Aladdin). The equal 
amounts of protein (40 μg) were separated by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) with 5-12% Tris-Glycine gel (Invitrogen, USA) 
and subjected to standard western blot analysis. Antibodies 
against THY1 (Santa Cruz, USA) and β-actin (Santa Cruz, 
USA) were diluted at 1∶1,000. Secondary antibodies used 
for the western blot analysis were goat anti-mouse IgG-
HRP (Santa Cruz, USA) or goat anti-rabbit IgG-HRP 
(Santa Cruz, USA). Enhanced chemiluminescence was 
performed according to the manufacturer’s instructions 
(Amersham Life Sciences Inc., Arlington Heights, IL). 
The results were subjected to densitometry analysis using 
the ImageJ software. To ensure equal amounts of protein 
were loaded, the β-actin protein was employed as an 
internal control. The relative protein expression level was 
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defined as the ratio of the expression of the target proteins 
to the GAPDH expression level.

MiRNA target genes prediction by quantitative real-
time polymerase chain reaction analysis 

Total RNA, including miRNAs, was extracted using 
the mirVana miRNA Isolation kit (Ambion, USA) 
according to the manufacturer’s instructions. The miR-
106b was detected using RT2 miRNA First Strand Kit 
(SA Biosciences, USA). The specific miRNA and U6 
primers purchased from QIAGEN were used for real-
time polymerase chain reaction (PCR). The relative 
expression was determined using the comparative 
Ct method (2-ΔΔCt). The expression of mRNAs was 
determined using SYBR green real-time PCR assay. 
The levels of mRNA expression were normalized to 
that of the GAPDH expression as the loading control. 
The relative expression was calculated using the 
comparative Ct method (2-ΔΔCt). Table 1 shows the 
primers used for real-time PCR. 

Table 1: The sequences of primers used for evaluation of relative 
expression

Gene Primer sequencing (5ˊ-3ˊ) Accession 
number

FRAGILIS F: CATGTCGTCTGGTCCCTGT NM_003641.4

R: GTGGAGGCATAGGCCTGG 

GAPDH F: TTCAGCTCTGGGATGACCTT NM_002046.7

R: TGCCACTCAGAAGACTGTGG 

STELLA F: GGTTCGGAATAAGGCAAAGAG NM_182489.1

R: AGGTGAGATACCAAGGGGAGG 

Statistical analysis
The statistical analysis of the obtained data in 

quantitative parts was performed using the SPSS 
software version 16 (SPSS, Chicago, IL). The 
independent sample t test method or One Way ANOVA 
were applied for the comparison of the results between 
groups. The level of significance was set at P<0.05. The 
data was represented by mean ± SD. All of data was 
repeated 3 times. Qualitative data of the cell culture 
and differentiated part of experiment was described in 
the text as same as immunostaining and western blot 
result. 

Results
Adipose-derived stem cell culture

ADSCs adhered to plastic flask similar to bone marrow 
MSCs which were characterized by a rapid proliferation. 
At earlier hours, the cells were floating, and their nucleus 
was visible (Fig.1A). After 24 hours, the floated cells were 
adhered to dish to form fibroblast-like colonies. ADSCs 
formed spindle-like shape (fibroblast-like) and were loaded 

with several lipid granules within those cells. The lipid 
granules attached to each other and created large droplets; 
then, released into the cells culture medium. The first was 
made in 7 days when the cells reached confluence. After 
the first passage, the cells showed extensive proliferative 
capacity passage. The four passages were performed in 13 
days, and then, the cells were used for the differentiation 
experiments (Fig.1B).

 

Fig.1: The cells isolated from ADSCs. A. Isolated stem cells 4 hours after 
incubation and B. ADSCs in the 4th passage (scale bar: 100 µm). ADSCs; 
Adipose-derived stem cells.

Adipose-derived stem cell characterization and 
differentiation

As illustrated in Figure 2A, B, ADSCs showed the 
differentiation potential into adipogenic and osteogenic 
linages while they were induced by adipogenic and 
osteogenic maintenance media, respectively. The 
adipogenic differentiated cells were visualized with Oil 
Red O stain. The red arrow in Figure 2A shows adipocytes 
and the accumulated fat droplets. The osteogenic 
differentiated cells were visualized with Alizarin 
Red S stain. The blue arrow in Figure 2B indicates 
osteoblasts. Furthermore, ADSCs were characterized 

https://www.google.com/search?client=firefox-b&q=accession+number&spell=1&sa=X&ved=0ahUKEwicwvTrw-_fAhXjVBUIHaa-DzMQBQgoKAA
https://www.google.com/search?client=firefox-b&q=accession+number&spell=1&sa=X&ved=0ahUKEwicwvTrw-_fAhXjVBUIHaa-DzMQBQgoKAA
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=1519316078
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=32698789
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by their cell surface antigens. As shown in Figure 2C, 
a high percentage of the studied cell population were 
expressing the specific markers of mesenchymal stem 
cells including CD90 (79.1 ± 5.73), CD105 (90.1 ± 
3), CD73 (75.8 ± 3.61), and CD44 (89.1 ± 6.49). The 
expression of the specific markers for hematopoitic stem 
cells was detected by few cells (CD34=5.98 ± 1.64, and 
CD45=7.15 ± 0.26). 

Cell cytotoxicity assessment
In order to investigate thecytotoxicity of miR-106b 

transfection, MTT assay was conducted to examine the 
viability of ADSCs. According to Figure 3, after 24, 48, 
and 72 hours incubation time, no significant reduction 
was observed in the viability of cells expressing miR-
106b compared with the control cells lacking miR-106b. 

Fig.2: The in vitro osteogenesis and adipogenic differentiation. A. Adipose-derived stem cells (ADSCs) after incubation for 21 days in the adipogenic 
differentiation medium. The cells were visualized with Oil Red O staining, B. ADSCs after incubation for 21 days in the osteogenic differentiation medium. 
The cells were visualized with Alizarin Red S stain. The blue arrow indicates osteoblasts, and the red arrow shows adipocytes and the accumulated fat 
droplets (scale bar: 100 μm). C. Cell surface markers: CD90=79.1 ± 5.73, CD105=90.1 ± 3, CD73=75.8 ± 3.61, CD44=89.1 ± 6.49, CD34=5.98 ± 1.64, and 
CD45=7.15 ± 0.26. The number of positive cells for each marker was assayed by flow cytometry. The data was presented as mean ± SD. 

C
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Fig.3: Cytotoxicity of miR-106b expressing MSCs. The cytotoxicity level 
of miR-106b expressing MSCs was evaluated after 24, 48, 72 hours 
incubation at various concentrations of miR-106b. MSCs; Mesenchymal 
stem cells and h; Hour.

Primordial germ cells induction from mesenchymal 
stem cells

The results showed that three of four specific differentiation 
markers (FRAGILIS, Thy1, and STELLA) were significantly 
increased at the levels of gene and protein when the miR-
106b was overexpressed (Fig.4A). Alkaline phosphatase 
expression was showed in cells transfected by the miR-106b 
(Fig.4B). Photograph showed positive alkaline phosphatase 
staining of differentiated cells. A smaller alkaline phosphatase 
negative cell, possibly a contaminating undifferentiated 
MSCs. Figure 4C and D indicate the expression levels of 
STELLA and FRAGLIS genes were significantly unregulated 
in BMP4-, and miR-106b-treated cells compared to control 
cells. Moreover as illustrated in Figure 4E, the amount of 
THY1 protein was significantly increased in miR-106b-
treated cells compared to BMP4-treated cells and control. 

Furthermore, as shown in Figure 5, the expression level of 
CD90 protein was significantly higher in cells transfected 
with the miR-106b than the cells treated with BMP4. CD90 
expression was expressed around the stained nucleus by 
DAPI (4′,6-diamidino-2-phenylindole) in differentiated 
cell surface. Based on the cells that were stained and 
non-stained around the nucleus, the results showed 
over expression of CD90 marker in immunostaining 
assessment.

A

B

C
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Fig.4: The differentiation of ADSCs into PGCs. A. The expression of the miR-106b measured by real-time PCR after the transfected by lentivector expressing 
miR-106b. B. Alkaline phosphatase-positive cells (scale bar: 50 µm). C, D. The expression of STELLA and FRAGILIS genes and E.Thy1 protein levels were 
evaluated as specific differentiation markers using real-time PCR and western blot analysis, respectively. ADSCs; Adipose-derived stem cells, PGCs; 
Primordial germ cells and PCR; Polymerase chain reaction. * demonstrates the significant changes in comparison to control (*; P≤0.05 and ***; P≤0.0001).

Fig.5: CD90 protein level measured as a marker of differentiation on germ cells (ADSCs) (scale bar: 50 µm).

Discussion
The potential capacity of somatic stem cells to 

differentiate into PGCs, SSCs (23, 24), or advanced 
spermatids through the meiosis process under 
appropriate culture conditions has been well-established 

in the literature (25, 26). The clinical value of direct 
differentiation might be more valuable than other 
strategies as the gene transfection creates an imbalance 
in the gene contents of genetically modified cells during 
spermatogenesis. However, the molecular mechanisms 

D E
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underlying the germ lineage differentiation from MSCs 
remain elusive.

The miRNAs are known to regulate the development 
of germ cells (27). To understand the regulatory role 
of miRNAs in the development of PGCs, ADMSCs 
were differentiated into PGCs in which miR-106b was 
transfected into ADMSCs to facilitate the differentiation 
of these cells into PGCs through the upregulation of 
some target genes responsible for the development of 
the cell differentiation. Hence, an in vitro model of 
miR-106b-transfected ADSCs was employed to induce 
the differentiation of these cells into PGCs thereby 
influencing the proliferation, morphogenesis and protein 
localization of the corresponding cells. Our findings 
indicate that the transfection of MSCs with miR-106b can 
by itself increase the specific markers of PGCs namely 
STELLA and FRAGILIS genes, as well as the expression 
of Thy1 protein when compared with MSCs treated with 
BMP4. Moreover, the surface expression of CD90 was 
higher in cells transfected with miR-16b than the cells 
treated with BMP4. Numerous reports have indicated that 
miRNAs are potentially able to induce the differentiation 
of MSCs into various tissues. In line with this, an in vitro 
study performed by Sluijter et al. (28) indicated that a 
number of miRNAs are involved in the proliferation 
and differentiation of cardiomyocyte progenitor cells 
(CMPCs). They showed that that miR-1 and miR-499 
can regulate the proliferation of human CMPCs, as well 
as their differentiation into cardiomyocytes. Previous 
studies have also highlighted that miRNAs play critical 
roles in the process of neurogenesis. Jiao et al. (29) 
reported that miR-124 promotes the neural differentiation 
of the subventricular zone, which is the most substantial 
neurogenic niche in the brain of adult mammalian 
species. Also, it has been shown that miR-23b induces the 
chondrogenic differentiation of human MSCs through the 
suppression of protein kinase A (PKA) signaling (30).

The overall importance of miRNA signaling for 
the regulation of spermatogenesis has been further 
elucidated using a conditional knockout of Dicer gene 
in germ cells. The silencing of the Dicer1 gene in 
pro-spermatogonia at the early-stage of the birth 
using Ddx4 promoter-driven Cre expression resulted 
in altered meiotic progression increased apoptosis in 
pachytene spermatocytes, reduced number of round-shape 
spermatids, and morphological defects in spermatozoa 
(31).  In a study performed by Holt et al. (32), they revealed 
that nine newly identified miRNAs including miR-10b, 
-18a, -93, -106b, -126-3p, -127, -181a, -181b, and -301, 
which are all exclusively expressed in PGCs according to 
their comparative study, profiling the miRNA expression 
of PGCs at 12.5 days post-coitum (dpc), gonocytes (GCs) 
at 15.5 dpc, SSCs at 5 days post-partum (dpp), and testes 
at four weeks. BMP4 signaling acts through the Smad 
family proteins and requires a ligand-specific co-receptor 
TGF-b (transforming growth factor-Beta) in murine SSCs 
(33). In agreement with an indirect mechanism, Okamura 
et al. (34) have shown that the deficiency of PGCs in 

embryos knockout for BMP4 can be compensated by the 
activation of a sub-type of type I BMP receptor named 
Activin A Receptor type 1 (ACVR1) in the visceral 
endoderm, but not the epiblast where PGC precursors 
are present. It has been implicated that the expression of 
FRAGILIS is elevated in the migratory PGC, stimulating 
the expression of other germ cell-specific genes such as 
VASA and STELLA (35). STELLA is considered a crucial 
marker for murine PGCs, while DAZL and DDX4 begin 
their expression in murine PGCs from around the E10.5 
stage and last to be expressed afterward (36). It has been 
reported that miR-106b can activate the Wnt/beta-catenin 
signaling pathway as the loss of WNT5A disrupts murine 
PGCs migration and male sexual development in mice (37).

Conclusion
In vitro model of the spermatogenesis development are 

noticed by many researchers. This study developed a new 
approached to gain PGCs from MSCs by the transfection 
of ADMSCs with the miR-106b lentivector. Upregulatin of 
miR-106b caused to the specific gene markers of the PGC 
expression, more efficient than the conventional method 
used by BMP4. It is thought that finding of pathways 
governing the meiotic and post meiotic cells would shed 
light on our understanding about the essential molecules 
involved in the spermatogenesis and its progression.
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Abstract
Objective:  Choroid plexus epithelial cells (CPECs) have the epithelial characteristic, produce cerebrospinal fluid, 
contribute to the detoxification process in the central nervous system (CNS), and are responsible for the synthesis and 
release of many nerve growth factors. On the other hand, studies suggest that normobaric hyperoxia (HO) by induction 
of ischemic tolerance (IT) can protect against brain damage and neurological diseases. We examined the effect of 
combination therapy of encapsulated CPECs and HO to protect against ischemic brain injury.
Materials and Methods: In this experimental study, six groups of adult male Wistar rats were randomly organized: 
sham, room air (RA)+middle cerebral artery occlusion (MCAO), HO+MCAO, RA+MCAO+encapsulated CPECs, 
HO+MCAO+encapsulated CPECs, RA+MCAO+empty capsules. RA/HO were pretreatment. The CPECs were isolated 
from the brain of neonatal Wistar rats, cultured, and encapsulated. Then microencapsulated CPECs were transplanted 
in the neck of the animal immediately after the onset of reperfusion in adult rats that had been exposed to 60 minutes 
MCAO. After 23 hours of reperfusion, the neurologic deficit score (NDS) was assessed. Next, rats were killed, and 
brains were isolated for measuring brain infarction volume, blood-brain barrier (BBB) permeability, edema, the activity 
of superoxide dismutase (SOD), and catalase (CAT) and also, the level of malondialdehyde (MDA).
 
Results: Our results showed that NDS decreased equally in HO+MCAO, RA+MCAO+encapsulated CPECs, and 
HO+MCAO+encapsulated CPECs groups. Brain infarction volume decreased up 79%, BBB stability increased, edema 
decreased, SOD and CAT activities increased, and MDA decreased in the combination group of HO and transplantation 
of encapsulated CPECs in the ischemic brain as compared with when HO or transplantation of encapsulated CPECs was 
applied alone. 

Conclusion: The combination of HO and transplantation of encapsulated CPECs for stroke in rats was more effective 
than the other treatments, and it can be taken into account as a promising treatment for ischemic stroke.

Keywords: Brain Ischemia, Choroid Plexus, Hyperoxia, Oxidative Stress
Cell Journal(Yakhteh), Vol 23, No 3, August 2021, Pages: 303-312

Citation: Eslami M, Oryan Sh, Rahnema M, Bigdeli MR. Neuroprotective effects of normobaric hyperoxia and transplantation of encapsulated choroid 
plexus epithelial cells on the focal brain ischemia. Cell J. 2021; 23(3): 303-312. doi: 10.22074/cellj.2021.7204.
This open-access article has been published under the terms of the Creative Commons Attribution Non-Commercial 3.0 (CC BY-NC 3.0).

Introduction

Cerebral ischemia is characterized by an occlusion of 
blood vessels that leads to interruption of positional blood 
flow to the brain and the lack of oxygen and glucose (1). 
Furthermore, in the stroke, depolarization of the neuronal 
membrane, the release of the neurotransmitter glutamate, 
and activation of receptor n-methyl-d-aspartate (NMDA), 
overloading calcium and the apoptosis occur (2). These 
incidences are related to enhanced reactive oxygen 
species (ROS) production that disturbs the antioxidant 
systems and results in an increase of inflammation and 
brain injury. Moreover, the blood-brain barrier (BBB) 
loses its integrity due to reperfusion, the sudden increase 
in oxygen, extra production of ROS, and destruction 
of proteins of the blood vessel cell membrane (3-5). 
Therefore, by increasing the antioxidant capacity, it is 
expected to decrease brain tissue damage due to oxidative 

stress in stroke and improve the permeability of the BBB.
The exposure to under-threshold injurious stimuli 

induces ischemic tolerance (IT), also known as ischemic 
preconditioning (IP), that actives endogenous neuronal 
protective processes (6). Various stressors, including 
anesthetics, cortical spreading depression, ischemia, seizures, 
inflammatory mediators, and metabolic occlusive, can induce 
preconditioning in the brain (7). The evidence suggests that 
ROS mediate brain damage in cerebral mortal and sub-
mortal ischemia importantly. Several studies propose that 
preconditioning with hyperoxia (HO) decreases ischemic 
brain injury mediated by induction of IT and via the production 
of ROS (8, 9) and is neuroprotective in experimental ischemic 
stroke (8-12). Moreover, reports show that HO is applied in 
the treatment of human stroke, also (13, 14).

There are also many reports of cell therapy for stroke, 
which demonstrate cell transplantation has good functional 
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and structural results in animals and humans (15-17). 
The choroid plexus (CP) is within the brain ventricles and 
consists of epithelial cells that are involved in the secretion 
of cerebrospinal fluid (CSF) and surround a weak connective 
tissue containing penetrable capillaries and cells of lymphoid 
family. Abundant neurotrophic factors, including nerve 
growth factor (NGF), brain-derived neurotrophic factor 
(BDNF), vascular endothelial growth factor (VEGF) 
neurotrophin 3-4 (NT3-4) and fibroblast growth factor 2 
(FGF2) are produced and secreted by the choroid plexus 
epithelial cells (CPECs) to CSF (18, 19). On the other hand, it 
has been reported that encapsulation of cells by biomaterials 
such as alginate allows oxygen and nutrients to nourish 
the encapsulated cells and provides controlled diffusion of 
proteins and other therapeutic molecules and at the same time 
restricts the passage of cytotoxic agents from the host immune 
defense system (Fig.1) (20). In vitro studies show that many 
active neurotrophic factors such as BDNF and GDNF are 
secreted by both non-encapsulated and encapsulated CPECs 
that have a similar model of secretion (21). Therefore, it is 
expected that CPECs act indirectly by secreting and releasing 
the trophic substances without the encapsulation effect on 
the secretory property of cells. The neuroprotective effect 
of CPECs and conditioned medium of cultured CPECs 
against ROS-induced oxidative stress has been well shown 
(22). The previous studies indicated that transplantation of 
CPECs protected against ischemic brain injury and improved 
behavioral deficits in animal models of stroke (16, 23).

Although the effect of different monotherapies on stroke 
has been widely investigated, functional recovery is typically 
only partial. It seems that applying monotherapies in 
combination with each other to be an appropriate strategy 
to achieve a favorable recovery. Hence, in this context, we 
combined two therapeutic strategies to promote functional 
recovery after middle cerebral artery occlusion (MCAO) 
and investigated the effect of this combination on focal 
brain ischemia. Thus, considering the above reported 
beneficial effects of both HO and CPECs in the treatment 
of stroke, and considering that the combination of these 
two for the treatment of stroke had not been studied, 
we combined preconditioning by HO and transplants of 
encapsulated rat CPECs for ischemic stroke in rat for 
obtaining protective effects.

Fig.1: Schematic image of the encapsulated CPECs. The capsule prevents 
the immune system activation against CPECs and provides the interaction 
of cells with the extracellular environment. The diameter of the 
microcapsule is 0.5 mm. CPECs; Choroid plexus epithelial cells.

Materials and Methods
Experimental animals

In this experimental study, adult male Wister rats 
weighted from 250 up to 350 g were kept at fixed 
humidity, the temperature of 23 ± 2˚C and 12-hour cycle 
of light-dark (07:00-19:00) for all experiments. Water 
and food were accessible free. The conduction of all 
manners was with the approval of the Institutional Animal 
Ethics Committee of Islamic Azad University (code: 
IR.IAU.Z.REC.1396, 69). In total, five main groups (in 
each group, 35 rats) and a sham group (n=21 rats) of rats 
were randomly formed. HO+MCAO group was put up in 
an environmental chamber and subjected to 95% oxygen 
(O2) periodically, i.e., four sequential hours in each day for 
continuous six days (8). RA+MCAO group was located 
in the environmental chamber in the like procedure and 
subjected to room air (RA) equivalent (21% O2) for the 
same intervals. The balance gas when using 95% O2 and 
21% O2, was nitrogen. Soda-lime, a CO2 absorber, was used 
at the bottom of the container to prevent CO2 retention. 
So with this, we tried to have the rest of nitrogen. The 
RA+MCAO+encapsulated CPECs group was exposed to 
RA, and alginate encapsulated CPECs were transplanted 
in the neck of the rats. The HO+MCAO+encapsulated 
CPECs group was subjected to HO for the same intervals, 
and then alginate encapsulated CPECs were implanted 
in the neck of the rats. The RA+MCAO+empty capsules 
group was exposed to RA, and free-cell capsules were 
transplanted in the neck of the rats. At 48 hours after 
pretreatment by the HO or RA, all the groups were 
exposed to MCAO for 60 minutes, and then encapsulated 
CPECs or empty capsules were transplanted in related 
groups. Each main group was divided randomly into four 
subgroups to evaluate infarct volume (n=7), brain water 
content or edema (n=7), the permeability of BBB (n=7), 
and catalase (CAT) and superoxide dismutase (SOD) 
activities and malondialdehyde (MDA) level (n=7). In the 
sham group, three subgroups were designed to evaluate 
cerebral edema (n=7), the permeability of BBB (n=7), 
and antioxidant activity (n=7). The neurobehavioral 
studies were performed by the individual blinded to 
animal groups before each group was divided randomly 
into the mentioned subgroups. In a subset of rats, just 
before removing animals from the environmental 
chamber, an analysis of arterial blood gas was carried out. 
Laser Doppler flowmeter (MBF3, Moor Instrumenats, 
Axminster, UK) was applied to the record of regional 
cerebral blood flow (rCBF).

Choroid plexus epithelial cells isolation and culture
CP tissues were excised from the lateral ventricles of 

neonatal rats (4-5 day-old), rinsed by phosphate-buffered 
saline (PBS, Sigma, USA), and next, the incubation with 
0.25% trypsin solution (Invitrogen-Gibco, England) was 
performed for 20 minutes at 37˚C. The next step was the 
addition of fetal bovine serum (FBS, Invitrogen-Gibco, 
England) and the centrifuge for 5 minutes. The sediment 
was transmitted to a culture medium, including Dulbeccoʼs 
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Modified Eagleʼs Media (DMEM/F12, Invitrogen-gibco, 
England), 10% FBS, and 1% pen/strep antibiotic (Sigma, 
USA). 20 μM cytosine arabinoside (Sigma, USA) was 
used to prevent fibroblast proliferation for one week. The 
culture medium was changed every 48 hours (22).

Immunocytofluorescence
Transthyretin (TTR) is the first known protein 

synthesized solely by the CP and is a marker for 
CPECs. In this study, for confirmation that cells isolated 
from the brain are CPECs and not another cell, the 
immunocytofluorescence was performed to identify the 
TTR marker. Immunocytofluorescence technique was 
performed according to the method previously described 
(22). A 24-well plate was used to CPECs culture. Then, 
cells were fixed with 4% paraformaldehyde (Sigma, 
USA). The next steps were the washing with PBS, to 
be permeable with Triton Χ-100 (Sigma, USA), and the 
incubation with the normal goat serum (Abcam, England). 
Afterward, cells were incubated with the primary 
antibody against TTR at 4˚C. After washing with PBS, 
the fluorescent secondary antibody (Abcam, England) 
was used. Finally, the cells were painted by diamidino-2-
phenylindole (DAPI) dye (Sigma, USA) and studied by 
fluorescence microscopy (Olympus, IX 71, Japan).

Preparing alginate encapsulated choroid plexus 
epithelial cells

The suspension of CPECs, separated from the bottom 
of the flask by trypsin, was prepared in a 1.5% alginate 
solution (Sigma, USA). Then, to the formation of alginate 
beads, suspension exuded to 60 mM CaCl2 solution (Merck, 
Germany). After that, incubation of alginate beads was 
performed respectively with 0.1% poly-L-lysine solution 
(Sigma, USA), 0.1% alginate solution, and 55 mM sodium 
citrate solution (Merck, Germany) each for 5 minutes 
(24). After washing microcapsules by the normal saline, 
medium of DMEM/F12 and FBS was used for the culture 
of microcapsules for seven days prior to implantation. 
Microcapsules  were 0.5 mm in diameter (Fig.1).

Studying the permeability of alginate microcapsules
For confirmation that the secreted material from the cells and 

the nutrients for the cells can pass through the microcapsule 
wall, fluorescent Thioflavin T (ThT, Sigma, USA) color was 
used. It can pass through the microcapsule wall and observe 
inside it. For this purpose, cell-free alginate microcapsules 
were created. Then, alginate microcapsules were incubated 
for 8 hours in a 0.4 mM ThT solution in the dark. Eventually, 
the washed microcapsules were studied by a fluorescent 
microscope (Olympus, IX 71, Japan).

Environmental chamber
HO treatment (95% O2) was initiated in a chamber 

(65×35×45 cm) with a port of gas entry and exit. Oxygen 
was delivered at a rate of 3 L/minutes, constantly 
monitoring its concentration inside the container via 

an oxygen meter (Lutron-Do5510, Taiwan). A carbon 
dioxide absorber, Soda-lime (BDH Limited, Poole, UK), 
was used in the under of the container. According to the 
experimental groups, the oxygen concentration was kept 
at 95% or 21% for HO or RA groups, respectively.

Focal cerebral ischemia and middle cerebral artery 
occlusion

For the anesthetization of rats, the 10% chloral hydrate 
(Merck, Germany, 350 mg/kg, i.p.) was used. According 
to the previously described method (25),  MCAO was 
done. First, the right common carotid artery (CCA) was 
represented and separated. A 3-0 silicone-coated nylon 
suture with a rounded tip by heat was inserted into the 
internal carotid artery (ICA) and then was moved forward 
until it occluded the beginning of the middle cerebral artery 
(MCA). After the advance of approximately 20-22 mm of the 
suture, calculated from the carotid bifurcation, was created 
moderate resistance that showed the inhabitancy of the tip in 
the anterior cerebral artery (ACA) and the blocking the blood 
flow to the MCA (Fig.2A). After 60 minutes of ischemia, the 
suture was pulled out, and reperfusion was created. During 
surgery, rectal temperature was recorded with a thermometer 
(Citizen-513w, CITIZEN, UAE) and kept at 37˚C by heating 
and cooling of the surface.

Transplantation of alginate microcapsules
At one hour after ischemia and immediately after the 

onset of reperfusion, the encapsulated CPECs or empty 
capsules were transplanted in the neck of the animal 
where the carotid artery was exposed to view. Afterward, 
the surgical site was sutured.

Biocompatibility of the microcapsule
After 24 hours, microcapsules containing CPECs 

were regained to study the biocompatibility and stability 
of them when transplanted in the neck of the animal. 
Microcapsules were examined after washing with saline 
buffer under the inverted microscope. Also, to determine 
the percentage of live cells, decapsulation was initially 
performed with 55 mM sodium citrate solution. Then, 20 
μl of cell suspension with 20 μl of 0.25% trypan blue dye 
was mixed. Afterward, 10 μl of the above mixture was 
placed on one side of a hemacytometer counter, and then 
cells studied by a light microscope. Blue cells are the dead 
cells, and clear cells are viable. The viable cell percentage 
was obtained via division of the number of viable cells to 
the number of total cells and multiplication by 100.

Neurobehavioral evaluation

At 24 hours after pulling out the suture and while each 
rat was kept in a separate cage, the neurologic behaviors 
were assayed by an investigator blind to the experimental 
groups and endpoint assessment as follows (26): usual 
locomotion activity=score 0; bend of contralateral 
forelimb while the animal was suspended by the tail=score 
1; contralateral rotational movement but usual state at 
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relaxation=score 2; absence of righting reflex=score 3; 
and lack of automatic locomotion function=score 4. The 
rats that died less than 24 hours after surgery, their brains 
were colored. If the death was because of the subarachnoid 
hemorrhage or pulmonary insufficiency and asphyxia, 
they were omitted from the examination.

Infarction volume evaluation
At 24 hours after reperfusion, animals were killed with 

chloral hydrate (Merck, Germany, 700 mg/kg, i.p.), and the 
decapitation was done. Then, rapid removing of brains and 
cooling in 4˚C normal saline for 15 minutes were performed. 
Brain, coronal sections were created with a thickness of 2 mm 
by using Brain Matrix (Tehran, Iran). The sections were soaked 
in a 2% solution of 2, 3, 5- triphenyl tetrazolium chloride 
(TTC, Merck, Germany) and immediately held at 37˚C for 
15 minutes. Then, the photoinitiator of slices was carried out 
via a digital camera (Canon, DSC-W310). Finally, the infarct 
volume was calculated using UTHSCSA Image Tools image 
analysis software and pursuant to the manner of Swanson et al. 
(27) as follows: measuring of the colorless (infarct area) and 
colored areas in each hemisphere of the section, multiplying 
by the thickness 2 mm and then summation all of the sections: 
(corrected infarct volume)=(left hemisphere volume)−(right 
hemisphere volume−infarct volume).

Assessment of brain water amount
First, the decapitation was performed. Then, brains were 

removed, and after separation of the cerebellum, pons, 
and olfactory bulb, wet weight (WW) was measured. Dry 
weight (DW) was assayed after 24 hours and subjected 
to 120˚C. The amount of brain water was obtained as 
[[(WW−DW)/WW]×100].

Assessment of permeability of the blood-brain barrier
The stability of the BBB was investigated by studying 

Evans Blue (EB, Sigma Chemicals, USA) ejection (8). 
Briefly, a 2% EB solution (4 ml/kg) was injected in 
animal tail vein 30 minutes after MCAO. At 24 hours 
after reperfusion, anesthesia, and opening the thoracic 
cavity was done. Then, animals were transcardially perfused 
with 250 ml normal saline until the coming out of colorless 
perfusion fluid from the atrium. In this way, intravascular EB 
was washed out. Afterward, rats were decapitated, and the 
brain hemispheres were removed and weighed. 2.5 ml PBS 
was used for the homogenization of each hemisphere and 
extraction of EB. For the precipitation of the protein contents, 
60% trichloroacetic acid (Merck, Germany, 2.5 ml) was added 
to the homogenized mixture and then mixed by vortex for 3 
minutes. The next steps were included keeping the samples at 
4˚C for 30 minutes, centrifugation at 1000×g for 30 minutes, 
and measuring the amount of EB in the supernatant at 610 
nm wavelength using spectrophotometry (Genesys 5, USA). 
The amount of EB was shown as µg/g of brain tissue for a 
standard curve. 

Extraction of protein from brain samples 
1ml buffer containing 0.32 mol/l sucrose, 1 mmol/l 

EDTA, and 10 nmol/l Tris-HCl, pH=7.4 was used for the 
homogenization of brain right hemisphere tissue (150 to 
200 mg). The homogenized mixture was centrifuged at 
13600×g for 30 minutes. Then, the supernatant was used 
for the measurement of SOD and CAT activities, MDA 
level, and protein contents (28). The measuring protein 
was done in agreeing to Bradford (29). 

Measuring the activity of superoxide dismutase, 
catalase and malondialdehyde level

The activity of SOD was determined according to 
the previous method  (30) with some alteration. For 
obtaining a volume of 1 ml of the final assay mixture, 
20 µl enzymatic extract was mixed with 50 mM sodium 
phosphate buffer (PB), pH=7.0, 0.1 mM EDTA, and 0.48 
mM pyrogallol. The blank was a mixture of the above 
components, except enzymatic extract. The absorbance 
changes of the final assay mixture were recorded at 420 
nm for 1 minute at 25˚C versus blank. The results were 
represented as U/mg protein. For measuring CAT activity, 
a volume of 1ml of the final assay mixture was prepared. 
For this purpose, 20 µl enzymatic extract was mixed 
with 50 mM PB, pH=7.0, and 10 mM hydrogen peroxide. 
The blank was a mixture of the above components, except 
enzymatic extract. Then, absorbance decrease was pursued 
at 240 nm wavelength for 1 minute at 25˚C versus blank. 
The amount of CAT activity was stated as U/mg protein. The 
level of MDA in homogenates was determined by applying 
the method described by Uchiyama and Mihara (31). 0.5 ml 
homogenate was mixed with 1% phosphoric acid solution (3 
ml)  and 0.6% thiobarbituric acid solution (1 ml). The next 
steps were included heating the mixture in a bain-marie at 
95˚C for 45 minutes, cooling, adding n-butanol (4 ml), and 
mixing the solution by vortex, centrifugation at 3000×g for 
10 minutes and measuring the absorbance of the supernatant 
at 532 nm. The standard was tetraethoxypropane (Merck, 
Germany). The concentrations of MDA were represented as 
nmol/mg protein.

Measuring regional cerebral blood flow
Recording rCBF was performed by Velocitometry 

Laser Doppler flowmeter (MBF3D, Moor Instrument, 
Axminster, UK) (32). By placing the probe of laser 
Doppler flowmeter in the surface, Doppler flux was 
continually assessed from the 30 minutes before MCAO 
until 30 minutes after reperfusion.

Statistical analysis

The data were presented as means ± SD and compared via 
one-way ANOVA followed by LSD. Mann-Whitney U test 
was used for the analysis of neurologic deficit score (NDS). 
The level of the statistical significance was set at P<0.05.

Results
Experimental conditions parameter

The pressure of CO2 and O2 analysis in the arterial blood 
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showed that preclinical HO and RA were rightly created in 
the pretreatment groups. Any significant difference in pH and 
pressure of CO2 in HO and RA groups was not seen (P>0.05, 
pH=7.3 ± 0.09, 7.4 ± 0.1, pressure of CO2: 39.2 ± 1.4, 42.8 
± 0.8), but the difference in the pressure of O2 in HO and 
RA groups was significant (P<0.001, 335 ± 24.7, 95.8 ± 6.9). 
rCBF was decreased to less than 24% of the baseline during 
MCAO in groups exposed to ischemia when compared with 
rCBF before ischemic damage (P<0.05, Fig.2B).

Fig.2: Middle cerebral artery occlusion and evaluation of the regional cerebral 
blood flow. A. Schematic presentation of MCAO in the right hemisphere of the 
rat brain. A nylon suture with the rounded head (blue filament) was inserted 
into the right ICA via the right ECA and blocked right MCA. B. The rCBF in rats 
undergoing MCAO surgery. The rCBF was characterized by 100% of a baseline 
before MCAO, but it decreased significantly during MCAO. The rCBF after 
reperfusion came close to the baseline. *; P<0.05 vs. before MCAO (n=7). 
MCAO; Middle cerebral artery occlusion, CCA; Common carotid artery, ICA; 
Internal carotid artery, ECA; external carotid artery, BA; Basilar artery, PCA; 
Posterior cerebral artery, MCA; Middle cerebral artery, ACA; Anterior cerebral 
artery, and rCBF; Regional cerebral blood flow.

Culture and identification of choroid plexus epithelial 
cells

Polygonal cells were observed in the flasks five days 
after CPECs culture, and their density was 15% (Fig.3A). 
Two weeks later, the total surface of the flasks was 
filled with cells that had an epithelial appearance. The 

immunocytofluorescence was performed to identify the 
TTR marker (Fig.3B).

Alginate microcapsules
The results showed that the alginate microcapsules surface 

includes three layers of alginate, poly-L-lysin, and alginate 
(Fig.3C). When the empty alginate microcapsules were 
incubated with the ThT solution, ThT could permeate them 
via the pores on the surface of microcapsules (Fig.3D). Also, 
the surface of microcapsules containing CPECs did not 
change after 24 hours and was smooth as well as about 75-
80% of the cells in the microcapsule were alive. This suggests 
the biocompatibility and stability of the microcapsules and 
shows that CPECs indirectly and possibly by releasing 
trophic factors are effective and do not migrate themselves.

Neurologic deficit scores

Median NDSs in the RA+MCAO group in comparison with 
sham was significantly different (2 vs. 0, P<0.05). Median 
NDSs in the HO+MCAO, RA+MCAO+encapsulated CPECs, 
and HO+MCAO+encapsulated CPECs groups decreased 
significantly in comparison with the RA+MCAO and 
RA+MCAO+empty capsules groups (1 vs. 2, P<0.05, Table 1). 

Infarction volume was decreased by hyperoxia and 
encapsulated choroid plexus epithelial cells

The infarct volume decreased in HO+MCAO, 
RA+MCAO+encapsulated CPECs, and 
HO+MCAO+encapsulated CPECs groups compared to 
the RA+MCAO group after 24 hours MCAO, significantly 
(P<0.01). Also, a significant difference was not observed 
between RA+MCAO and RA+MCAO+empty capsules 
groups in infarct volume (P>0.05, Fig.4A, B). 

Hyperoxia and encapsulated encapsulated choroid 
plexus epithelial cells decreased brain edema and 
ameliorated blood-brain barrier permeability

The brain water amount increased in ischemic cerebral tissue 
(right hemisphere) in the RA+MCAO group compared to the 
right hemisphere of the sham group, significantly (P<0.01). 
The edema in the right hemisphere decreased significantly in 
HO+MCAO (P=0.043), RA+MCAO+encapsulated CPECs 
(P=0.039), and HO+MCAO+encapsulated CPECs (P=0.014) 
groups in comparison with a RA+MCAO group (P<0.05). 
Free-cell capsules had no effect (Fig.4C).

The results showed EB concentration in ischemic 
cerebral tissue (right hemisphere) in the RA+MCAO 
group increased and had a significant difference 
with the sham group (P<0.01). EB leakage in 
the right hemisphere reduced significantly in 
HO+MCAO, RA+MCAO+encapsulated CPECs, and 
HO+MCAO+encapsulated CPECs groups compared 
with the RA+MCAO group (P<0.01). Changes in 
BBB permeability in the left hemisphere were not 
significant. Also, Free-cell capsules had no effect 
(Fig.4D).

A

B
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Fig.3: Recognition of choroid plexus epithelial cells (CPECs) and image of the microcapsule’s surface by fluorescence microscopy. A. The appearance of the 
CPECs 5 days after culturing. Arrows indicate clusters of polygonal cells (CPECs) in culture medium. B. The CPECs with maximum confluence (80%). The 
result of CPECs immunocytochemistry was positive for Transthyretin (TTR, green) (scale bar: 100 μm). C. Three layers of alginate microcapsule. Inner layer; 
Alginate (green arrow), Middle layer; Poly-L-Lysine (red arrow), and Outer layer; Alginate (blue arrow). D. Free-cell alginate microcapsule was incubated 
with ThT (scale bar: 200 μm).

Table 1: Neurologic deficit scores (NDS) in the experimental groups

Number Groups NDS in each group Premature death 
number

Total Median Statistical results

0 1 2 3 4

1 Sham 21 0 0 0 0 0 21 0 1 vs. 2= significant

3 vs. 2= significant

4 vs. 2= significant

5 vs. 2= significant

6 vs. 2= nonsignificant

2 RA+MCAO 0 4 13 3 8 6 28 2

3 HO+MCAO 9 6 13 0 0 3 28 1

4 RA+MCAO+encapsulated CPECs 12 8 8 0 0 2 28 1

5 HO+MCAO+encapsulated CPECs 11 12 5 0 0 1 28 1

6 RA+MCAO+empty capsules 0 1 14 4 9 5 28 2

Results between groups analyzed with a significant level of P<0.05. 
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Fig.4: The effect of HO and CPECs on brain infarct volume, brain water content, and EB concentration in the experimental groups. A. The columns show rat 
brain coronal sections in the experimental groups. B, C, and D. ##; P<0.01 vs. sham, *; P<0.05, **; P<0.01 vs. RA+MCAO group (n=7). RA; Room air, MCAO; 
Middle cerebral artery occlusion, HO; Hyperoxia, CPECs; Choroid plexus epithelial cells, and EB; Evans blue. 

A B

C D

Hyperoxia and encapsulated choroid plexus epithelial 
cells increased superoxide dismutase and catalase 
activity and decreased malondialdehyde level

At 24 hours after ischemia-reperfusion, SOD 
activity in the right hemisphere showed a decrease in  
RA+MCAO and RA+MCAO+empty capsules groups 
compared to the sham group (P<0.01). This value in the 
RA+MCAO group was 11.14 U/mg protein, whereas, 
in the HO+MCAO, RA+MCAO+encapsulated CPECs 
and HO+MCAO+encapsulated CPECs groups showed 
a significant increase, up to 15, 15.8 and 16.7 U/mg 
protein, respectively (P<0.01, Fig.5A). CAT activity in 
the right hemisphere decreased in the RA+MCAO and 

RA+MCAO+empty capsules groups in comparison to 
the sham group (P<0.01). But, it increased significantly 
in HO+MCAO, RA+MCAO+encapsulated CPECs, and 
HO+MCAO+encapsulated CPECs groups compared 
to the RA+MCAO group (P<0.01, Fig.5B).

Lipid peroxidation was indicated by the MDA 
content in the brain. MCAO increased the MDA level 
significantly in the right hemisphere in comparison to 
the sham group (P<0.01). However, the MDA amount 
in the right hemisphere lowered significantly in the 
HO+MCAO, RA+MCAO+encapsulated CPECs, and 
HO+MCAO+encapsulated CPECs groups compared to 
the RA+MCAO group (P<0.01, Fig.5C).
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Fig.5: Evaluation of antioxidant capacity in the right hemisphere of 
experimental groups. A. The activation of SOD, B. CAT, and C. MDA level. 
##; P<0.01 vs. sham group, **; P<0.01 vs. RA+MCAO group (n=7), SOD; 
Superoxide dismutase, CAT; Catalase, MDA; Malondialdehyde, RA; Room 
air, MCAO; Middle cerebral artery occlusion, HO; Hyperoxia, and CPECs; 
Choroid plexus epithelial cells. 

Discussion
Brain ischemia is one of the outstanding causes of 

death throughout the world. Despite cerebral ischemia-

associated high costs, there are limited treatment options 
against ischemic brain damage that most of them have 
failed to increase recovery rate following the induction of 
stroke, which proposes an urgent need for the development 
of new therapies for brain ischemia (1). 

Here, for the first time, we applied HO and transplantation 
of encapsulated CPECs of neonatal rats in combination with 
each other to enhance recovery and decrease symptoms 
in an MCAO model of cerebral ischemia in adult rats. In 
this work,  results showed HO and encapsulated CPECs 
alone and, in combination with each other, had protective 
effects on oxidative stress-induced ischemia-reperfusion 
injury in rat brain and reduced brain damage. Also, results 
showed that HO and encapsulated CPECs alone and in 
combination with each other due to increasing antioxidant 
activity (increase SOD and CAT activities and decrease 
MDA) decreased edema, BBB permeability, neurologic 
deficits and brain damage in a rat model of MCAO.

Our data showed when HO was combined with 
encapsulated CPECs for cerebral ischemia, a significant 
reduction in infarction volume of 79% was achieved. 
Also, results demonstrated 53% and 70% reductions in 
total infarction volume by preconditioning with HO 
alone or transplantation of encapsulated CPECs alone, 
respectively. Combination therapy was effective than the 
HO and encapsulated CPECs alone. On the other hand, 
NDS, a marker of neurological behavior, was improved 
by HO, encapsulated CPECs, and an combination of HO 
and encapsulated CPECs, and all three treatments were 
equally effective as a neuroprotectant based on NDS. This 
equivalent effect may be explained as perhaps 24 hours is 
not enough for the effect of encapsulated CPECs on NDS 
and functional recovery and may increase with time to 
spare. In an experimental study, was shown normobaric 
HO decreased infarct volume and NDS in the MCAO 
model of stroke in rats that is in agreement with our results 
(33). Also, Borlongan et al. (23) showed improvement in 
behavioral functions and reduction of infarction volume 
by CPECs transplants three days after MCAO. 

According to experimental reports, transplants 
of encapsulated CPECs are more effective than the 
nonencapsulated CPECs transplants, and there is a major 
immune response to capsule-free CPECs in comparison 
with encapsulated CPECs. In addition, empty capsules 
have no effect on the improvement of stroke. Therefore, 
it may be said that the capsule has no protective effect 
alone, but it can enhance CPECs effects by reducing the 
reaction of the host. Our results showed that the viability of 
encapsulated CPECs after one day was 75-80%, and empty 
capsules had no therapeutic effect that is in agreement with 
the work of Borlongan et al. (23).

The interchange between blood and brain tissue is 
controlled by BBB. Disruption of BBB following the 
stroke increases edema and causes ischemic injury and 
mortality. In an experimental stroke, the protection of 
endothelial cells and the inhibition of MMP activity via 

A

C

B



Cell J, Vol 23, No 3, August 2021311

Eslami et al.

SOD keeps the BBB integrity and decreases brain damage 
(34). We showed that EB concentration decreased, the 
stability of the BBB increased, and edema decreased in 
HO, encapsulated CPECs, and the combination groups 
when compared with RA+MCAO group, significantly. 
Moreover, the HO+MCAO+encapsulated CPECs group 
had more effect in reducing edema than the HO and 
encapsulated CPECs alone. The previous investigations 
indicated that reduction of brain edema and decrease of 
BBB permeability could occur by the HO in rats (8, 35). 
So far, there has been no report on the effect of the CPECs 
on edema and the BBB damage caused by stroke.

The evidence proposes that ROS-induced oxidative stress 
results in the injury of cellular macromolecules, which are 
linked to the death of neurons induced by ischemia-reperfusion 
injury (5). We showed that the activity of CAT  and SOD 
increased in  HO, encapsulated CPECs, and combination 
therapy groups when compared with the RA+MCAO group. 
The lipid peroxidation is determined via the MDA level. The 
concentration of MDA reverberates that the cause of brain 
damage is ROS. Extra ROS is scavenged by increasing of 
SOD and CAT activities and results in a reduction of the 
lipid peroxidation (12). In this investigation, MDA decreased 
significantly in HO, encapsulated CPECs, and combination 
therapy groups in comparison with RA+MCAO group, 
and combination therapy effect was more than HO and 
encapsulated CPECs alone. 

In one study, it was shown that the pretreatment with 
HO  decreases infarct volume, neurologic deficits scores, 
and mortality and increases CAT and SOD activities in an 
animal model of stroke. This shows that HO partly exerts its 
effects via the increase in antioxidant enzyme activities. It is 
stated that ROS and HO are compounds that pretreatment 
via them can increase the activity and expression of SOD 
(11). Our results showed that HO increased SOD and CAT 
activities and decreased lipid peroxidation, also. Aliaghaei 
and colleagues showed that encapsulated CPECs transplants 
in Alzheimer’s disease animal model improved long-
term memory, decreased apoptosis, migration microglia, 
and gliosis and increased neurogenesis, and  the SOD 
activity (24). The view is that CPECs induce the Nrf2/ARE 
pathway and antioxidant enzymes overactivation in order to 
protect neurons against oxidative stress (22). In our study, 
encapsulated CPECs transplants alone and, in combination 
with HO, could decrease MCAO-induced cerebral infarct 
volume by increase SOD and CAT antioxidant enzyme 
activity. Moreover, encapsulated CPECs decreased the MDA 
amount. 

Matsumoto et al. showed that CPECs considerably secreted 
diffusible factors that repressed ischemic brain injury (16). 
Previous studies show exogenous BDNF,  one of  CPECs 
diffusible factors, decreases brain damage volume, and 
improves behavioral function significantly after acute 
ischemia (36, 37). Moreover, decreased expression of BDNF 
is associated with the sensitivity to stress and enhanced stress 
responses (38). It is also shown that BDNF heterozygous mice 
are more vulnerable to stress than control mice, revealing 
behavioral desperation after mild handling stress (39). In the 

other study, was reported when GDNF introduced to the brain 
following ischemic stroke, showed neuroprotective effects 
(15). It seems that encapsulated CPECs presumably indirectly 
by secreting neurotrophic factors decrease oxidative stress 
occurred by reperfusion and preconditioning with HO in the 
ischemic brain. However, the precise mechanism linking 
combination therapy of HO and CPECs to focal ischemia-
reperfusion injury still remains an open question. Several 
limitations of this study are that measurements were made 
only up to 24 hours after stroke, and the replication in a second 
species and sex and age differences were not considered. In a 
study, Lan et al. found that HO did not reduce infarct size in 
hypertensive Spraque-Dawley rats (40). Thus, it is suggested 
that the effect of HO and CPECs also be investigated for a 
period longer and on the ill animals by considering sex and 
age. Also, in this work, we did not measure the secreted 
factors of CPECs but suggest that they should be assayed in 
future studies.

Conclusion 
The result of this study showed the combination therapy 

of HO and encapsulated CPECs for ischemic brain damage 
can be more effective than the HO and encapsulated 
CPECs alone, and signs decrease of ischemic stroke may 
relate to an increase in antioxidant enzyme activity. Our 
study introduces a new method of combination therapy for 
stroke; We hope that with further researches, the arrival of 
this combination therapy to the clinic more quickly.
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Abstract
Objective: Colorectal cancer (CRC) is the fourth most common and the second most lethal cancer worldwide. 
CRC mortality is increasing in Iran. In the current study, we aimed to investigate association between rs11614913 
polymorphism of the miR-196-a2 gene and CRC.

Materials and Methods: In this case-control study, we assessed association of the rs11614913 polymorphism in 194 
patients with CRC (case) and 286 healthy individuals (control). The expectation-maximization (EM) algorithm method 
was used to adjust deviation from Hardy-Weinberg equilibrium (HWE).

Results: There was no significant difference between genotypic frequencies of rs11614913 polymorphism in the control 
and case groups. Genotypic frequencies differed in the adjusted and unadjusted deviations from the HWE. Analysis 
of unadjusted and adjusted independent variables showed that age, sex, alcohol consumption, and drug use were 
statistically significant. 

Conclusion: Our findings showed that rs11614913 polymorphism was not associated with CRC risk. Deviation from 
HWE affected the results. It is recommended to perform further studies to establish HWE. Ignoring the equilibrium can 
cause in consistencies in the results of studies.
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Introduction

Non-communicable diseases (NCDs) are now 
responsible for most of deaths worldwide (1). Cancer 
is predicted to be the leading cause of death and the 
most important obstacle to increaselife expectancy in 
the 21st century (2). Increasing the burden of cancer 
and other NCDs are treats of human development (3). 
Colorectal cancer (CRC) is the fourth most common 
cancer type worldwide (2). It is an important public 
health problem in different populations (4). The World 
Health Organization (WHO) predicted that by the year 
2030 frequency of new cases of CRC and its related 
deaths will increase by 77 and 80%, respectively. 
It was shown that frequency of CRC related deaths 
was increased within the past 10 years in Asia (5). 
Although it is less prevalent in the Middle East, studies 
indicateda growing trend. In Iran, as a region in the 
Middle East, this trend is increasing (6). Although the 

exact causes of CRC are yet unknown, it was shown 
that CRC is influenced by environmental and genetic 
factors (7).

In recent years, role of predisposing genetic factors 
in mediating tendency of CRC became more and more 
apparent (8). Recently, a growing number of studies 
focused on the association of microRNA (miRNA) 
polymorphisms with cancer susceptibility, suggesting 
that accumulation of genetic variants may be involved 
in cancer progression (9). miR-196a2 rs11614913, 
as a definitional miRNA polymorphism, is crucially 
associated with cancer risk (10). Previous studies 
showed that miR-196a2 rs11614913 polymorphism 
is associated with susceptibility to cancer, especially 
in lung cancer and hepatocellular carcinoma as well 
as head and neck cancer. The miR-196a2 rs11614913 
polymorphism may act as a risk factor for cancer 
patients (9).
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Identification of genetic polymorphisms associated with 
cancer has many diagnostic implications. For example, 
early detection of high-risk individuals may be 
possible, which in turn can take different measures to 
reduce the risk of cancer development or progression 
(8). There are limited studies on the association of the 
miR-196-a2 polymorphism with CRC andthe results 
are inconsistent (11-13). In Iran, only one study with a 
small sample size was conductedin this regard without 
Hardy-Weinberg equilibrium (HWE) calculation (14). 
According to importance of genetic studies in the early 
detection of CRC and the importance of considering 
internal validity, the present study was performed to 
investigate association of rs11614913 polymorphism 
of the miR-196-a2 gene and CRC in the presence of 
departure from HWE.

Materials and Methods
Subjects

This hospital-based case-control study was conducted 
in Taleghani Hospital (Tehran, Iran) from 2014 to 2019. 
A total of 194 patients with histologically confirmed CRC 
and without family history of related cancers were enrolled 
in this study. Two hundred and eighty-six individuals with 
no colonoscopy signs of CRC were randomly selected 
from the same residential areas as control group. The study 
was approved by the Hamadan University of Medical 
Sciences Ethics Committee (IR.UMSHA.REC.1396.640) 
and all participants provided a written informed consent. 
The participants were interviewed and data on gender, 
age, smoking, alcohol consumption and addiction (opium) 
were obtained using a structured questionnaire. 

DNA extraction
Genomic DNA was extracted using a standard salt 

extraction protocol (15, 16). Polymerase chain reaction-
restriction fragment length polymorphism (PCR-RFLP) 
method was used to determine the genotype distributions 
of miR-196-2 polymorphism (rs11614913). The specific 
primers were designed using Primerblast (http://www.
ncbi.nlm.nih.gov/tools/primer-blast/) and the software 
Gene Runner. The primers sequences were:

F: 5ˊ-GTCTACTCTCTAGTCCTTAGG-3ˊ 
R: 5ˊ-TTGAGAGGACGGCATAAAGC-3ˊ

The primers amplified a 383 base pair (bp) fragment. 
The PCR was done in a final volume of 25 μl with 35 
temperature cycles consisting of 45 seconds at 94˚C 
(denaturation), 40 seconds at 55.2˚C (annealing) and 45 
seconds at 72˚C (extension). A final extension step at 72˚C 
was performed for 5 minutes. The PCR products were 
exposed to restriction enzymes HpyCH4III for 8 hours at 
37˚C. The enzyme digested products were visualized on 
3% agarose gels and stained with DNA green viewer (for 
visualization under a UV light). Extracted DNA samples 

were amplified for the segment that comprised rs11614913 
polymorphism. Agarose gel (1%) electrophoresis was 
done to confirm the PCR product size. The expected 
product size was 383 bp, which was confirmed by 1% 
agarose gel electrophoresis.The results of 2% agarose 
gel electrophoresis on PCR products were digested by 
restricted endonuclease HpyCH4III.

At this single nucleotide polymorphism (SNP), the 
nucleotide C is converted to T.

5´... A  C   N▼G  T ... 3´
3´... T  G▲N   C  A ... 5´

The HpyCH4III enzyme cut site is shown in the 
above. This enzyme cuts the rare T genotype. In other 
words, in the normal case, it contains nucleotide C that 
the enzyme does not recognize and does not cut. In 
this case, if we have C in one allele and T in the other 
allele, the condition is heterozygote. To confirm the 
genotyping results, we selected 10% polymerase chain 
reaction products for DNA sequencing and the results 
were 100 % concordant.

Statistical analyses
Method of adjusting the deviation from Hardy-
Weinberg equilibrium

Chi-square test was used to evaluate HWE in the control 
group. Regarding the absence of HWE (P=0.046), the 
expectation-maximization (EM) algorithm method was 
used to adjust deviation from HWE (17). For this purpose, 
the level of deviation was assessed using EM algorithm 
in the estimation of allele frequency. Then, the genotype 
frequencies were estimated. For the estimation of allele 
frequency, disequilibrium coefficient (D) was set for the 
population deviation from equilibrium. This value is due 
to the difference between the true value of genotype and 
the expected value under  equilibrium: with the selection 
of PA(0) for the frequency of allele A in the step E of 
the algorithm, the expected number of genotypes was 
obtained from equation 1.

 

𝑛𝑛AA(m) =
pA(m−1)2 + 𝐷𝐷

pA(m−1)2 + 2pA(m−1) (1 − pA(m−1)) − 𝐷𝐷
𝑛𝑛𝐴𝐴 

 

 

	
                                                                            

In the step M, the new value of the allele frequency was 
obtained using equation 2.

                                                                         pA(𝑚𝑚)̂ =
2nAA(m) + nAa(m)

2𝑛𝑛  

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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If |𝑝̂𝑝𝐴𝐴(𝑚𝑚) − 𝑝̂𝑝𝐴𝐴(𝑚𝑚−1)| ≤ 0.01  or m≥100 (m is the 
repetition of the algorithm) or  𝑝𝑝𝐴𝐴(𝑚𝑚)̂ = 0  , the algorithm 
was stopped and the value of 

𝑝𝑝𝐴𝐴(𝑚𝑚)̂ = 0  was considered as the 
final value for the frequency of allele A (17).

Tests and software
Simple logistic regression analysis was used to 

determine the effect of each independent variable on 
CRC and multiple regression analysis was performed for 
adjusting any confounding variables. Chi-square test and 
logistic regression analyses were used to investigate the 
association between rs11614913 polymorphismand CRC. 
Version 16.0 of the SPSS software (SPSS, Inc., USA) and 
version 3.4.3 of the R software (to adjust the deviations 
from equilibrium) were used to perform statistical 
analysis. A P<0.05 was considered statistically significant.

Results

Demographic characteristics of the studied subjects (286 
controls and 194 CRC cases) are shown in Table 1.

Results of the simple and multiple logistic regression 
analyses are shown in Table 2. The oddsof CRC in men 
was 1.82 times more than women. The odds of CRC in 
subjects with drug (opium) use, alcohol consumption and 
smoking were also respectively 12.74, 7 and 2.43 times 
more than those who did not use any of them. Analysis 
of different age groups revealed that the odds of CRC in 
subjects with age over 50 years was 12.52 times higher 
than those with age under 50 years. In adjusted analysis, 
age and sex groups were significantly associated with 
CRC, so that the odds of CRC in men was 2.38 times 
higher than women and in subjects with age over 50 
years, it was 13.84 times higher than those with age under 

50 years. In addition, the odds of CRC in subjects with 
alcohol and drug consumption were respectively 3.44 
and 2.88 fold higher than those who did not, while the 
differences were notstatistically significant. According to 
the classification of effect size for the odds ratio, which 
is 1.5 small, 2 medium and 3 large (18), alcohol and drug 
use have a significant impact on CRC.

Genotype distribution of the rs11614913 polymorphism 
for miR196a2 in patients with CRC was as follows: the 
homozygous CC genotype was detected in 74 subjects 
(38.1%), the homozygous TT genotype in 29 subjects 
(15%) and the heterozygous CT genotype in 91 subjects 
(46.9%). The genotype distribution of the rs11614913 
polymorphism in control group was as follows: the 
homozygous CC genotype was detected in 108 subjects 
(37.8%), the homozygous TT genotype in 56 subjects 
(19.6%) and the heterozygous CT genotype in 122 
subjects (42.6%). Regarding the absence of HWE in 
the control group (P=0.046), the EM algorithm method 
was used to adjust deviation from HWE. The adjusted 
genotype distribution of the rs11614913 polymorphism in 
the control group is shown in Table 3.

T and C allele frequencies were 40.91 and 59.09%, 
respectively, in the patient group, while they were 
respectively 38.4 and 61.6% in the control group. 
Genotype distribution of the rs11614913 polymorphism 
of the miR196a2 gene in patients and control groups 
are shown in Table 3. After adjusting deviation from the 
equilibrium, frequency of CC, CT and TT genotypes 
observed in prototype 108 (37.8%), 122 (42.6%) and 56 
(19.6%) were changed to 100 (35%), 138 (48.2%) and 
48 (16.8%), respectively. The risk of CRC in subjects 
with CC genotype was higher than those with CT and TT 
genotype, but the differences were not significant. 

Table 1: Demographic characteristics of the studied subjects

Variable Control (n=286) Case (n=194)
Gender
   Male 121 (52.2) 111 (47.8)
   Female 165 (66.5) 83 (33.5)
Age (Y)
   <50 172 (89.1) 21 (10.9)
   >=50 104 (39.5) 159 (60.5)
Smoking
   No 263 (62.2) 160 (37.8)
   Yes 23 (40.4) 34 (59.6)
Alcohol consumption
   No 282 (62.3) 171 (37.7)
   Yes 4 (19) 17 (81)
Opiumuse
   No 285 (61.4) 176 (38.6)
   Yes 1 (11.1) 8 (88.9)

Data are presented as n (%).
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Table 2: Association of independent variables in unadjusted and adjusted form with dependent variable (CRC=yes, CRC=no)

Variable Unadjusteda Adjustedb

OR (CI 95%) Significance OR (CI 95%) Significance

Gender

   Male 1 1

   Female 0.55 (0.38 – 0.79) 0.001 0.42 (0.26 – 0.67) <0.001

Smoking

   No 1 1

   Yes 2.43 (1.38 – 4.27) 0.002 0.92 (0.40 – 2.13) 0.842

Alcohol consumption

   No 1 1

   Yes 7 (2.32 – 21.17) 0.001 3.44 (0.75 – 15.72) 0.112

Opiumuse

   No 1 1

   Yes 12.74 (1.58 – 102.70) 0.017 2.88 (0.24 – 33.87) 0.401

Age (Y)

   <50 1 1

   >=50 12.52 (7.47 – 20.98) <0.001 13.84 (8.05 – 23.78) <0.001

 a; Simple logistic regression, b; Multiple logistic regression, OR; Odd ratio, and CI; Confidence interval.

Table 3: The genotype and allele distribution of the rs11614913 polymorphism in the case and control groups by adjusting deviation from the HWE to 
the control group

Genotype Case
n (%)

Control
n (%) 

OR, 95% CI 
(Lower-Upper)

P value (χ2, df) Adjusted OR, 95% 
CI (Lower-Upper) 

Adjusted P 
value (χ2, df)

Minimum 
detectable OR

RS116 

CC 74 (38.1) 100 (35) Reference group - Reference group - -

CT 91 (46.9) 138 (48.2) 1.09 (0.73 – 1.63) 0.358 (0.85, 1) 0.89 (0.60 - 1.33) 0.772 (0.08 , 1) 0.57

TT 29 (15) 48 (16.8) 0.76 (0.44 – 1.29) 0.192 (1.70, 1) 0.82 (0.47 – 1.42) 0.591 (0.29 , 1) 0.46

CT+TT 120 (61.9) 186 (65) 0.98 (0.68 – 1.43) 0.980 (0.001, 1) 0.87 (0.60 – 1.27) 0.477 (0.51 , 1) 0.58

Alleles

C 239 (61.6) 338 (59.09) Reference group - Reference group - -

T 149 (38.4) 234 (40.91) 0.90 (0.69 – 1.17) 0.436 (0.61, 1) 0.90 (0.69 – 1.17) 0.436 (0.61, 1) 0.69

HWE; Hardy-Weinberg equilibrium, OR; Odd ratio, and CI; Confidence interval.

Discussion
In the present study, we found that the genetic variant 

rs11614913 polymorphism of the miR-196-a2 was not 
significantly associated with CRC. This lack of association 
was obtained either using the raw control genotype data or 

the artificially adjusted distribution followed to fit HWE. 
It is important to consider the degree of deviation from 
the equilibrium. Based on STrengthening the REporting 
of Genetic Association studies (STREGA) guideline, if  
HWE is not maintained, the results will be wrong. Despite 
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the significance of this equilibrium, there are still many 
other genetic association studies which do not notice it 
(19, 20).

Accuracy of the results reported in a variety of 
studies (e.g. CONSORT, STROBE) depends on the 
internal validity of the study. In 2009, Little et al. 
(21) provided an extension of the STrengthening the 
Reporting of OBservational Studies in Epidemiology 
(STROBE) guidelines as titled STREGA to assess 
internal validity of genetic association studies. One of 
the STREGA items is about HWE. Based on STREGA 
guideline, if HWE is not maintained, the results will 
be wrong. The STREGA guideline did not explain a 
solution when there is deviation from the equilibrium. 
For this reason, in this paper, we used a new applied 
method to adjust the deviation from the equilibrium. 
These results have represented that if the HWE is not 
balanced in the control group, it can have an impact on 
the results of the study.

The occurrence of several mutations at tumor suppressor 
genes or proto-oncogenes is the critical genetic cause 
of CRC development (22). micro-RNAs can act as an 
oncogene or oncomiR through inhibition of cancer-related 
genes. Therefore, micro-RNAs can be studied as possible 
biomarkers for the diagnosis of cancer. To date, several 
studies showed association of miR196a2 rs11614913 
polymorphism with various malignancies (9). Hu et al. 
(23) reported in 2008 that risk of non-small cell lung cancer 
(NSCLC) is higherin individuals with homozygous CC 
genotype of rs11614913 polymorphism of the miR196a2 
and the prognosis of NSCLC is worse in these patients. 
Additionally, it was reported that risk of breast cancer is 
lowerin individuals with the homozygous TT genotype 
(24). However, results of the previous study, regarding 
the effect of miR196a2 rs11614913 polymorphism on 
CRC are challenging (13). In the present study, allele 
and genotype frequencies of rs11614913 polymorphism 
of the miR196a2 gene were assessed in Iranian patients 
with CRC to find the possible association between the 
rs11614913 polymorphism as a genetic factor and CRC. 
Our results showed that risk of CRC in subjects with 
CC genotype was higher than subjects with CT or TT 
genotypes. In addition, risk of CRC in subjects with the 
C allele was more than subjects with the T allele, but the 
difference was not significant. Our results are similar to 
the two other studies that studied CRC. They also did 
not find any significant association between miR-196a2 
polymorphism and the risk of CRC was found. Hezova 
et al. (12) investigated 197 patients with non-hereditary 
CRC and 212 control subject in Europe. They did not find 
any correlation between the rs11614913 polymorphism of 
the miR196a2 gene and the risk of CRC. Their finding 
was consistent with the data obtained from Chen et al. 
(11). Previous study obtained in Iran showed a significant 
association without equilibrium calculation (14).

On the other hand, Zhan et al. (13) reported that the C 
allele of rs11614913 polymorphism is a risk factor for 
CRC. However, they did not find any association between 

rs11614913 polymorphism and factors such as tumor 
size, cancer stage and metastasis. Notably, another study 
reported that risk of gastric cancer in Chinese individuals 
with the CC genotype of miR196a2 is higherthan those 
with CT and TT genotype. Therefore, the C allele of 
rs11614913 polymorphism has a considerable effect on 
gastrointestinal cancer in China (25). 

Our results showed that risk of CRC, with both 
unadjusted and adjusted form, was higherin subjects with 
age over 50 years. In 2019, Wong et al. (26) showed that 
age is a risk factor for CRC. In line with the present study, 
it was shown that risk of CRC was increased dramatically 
after age 50 years; 90% of all CRCs were diagnosed after 
50 years old. Our results also showed that the risk of 
CRC in men was 2.38 times higher than women. Previous 
studies performed by Wong et al. (26) and Kolligs et al. 
(27) found similar results among the advanced cancer 
patients. In addition, in the unadjusted analysis, results 
of the present study showed that risk of CRC was high in 
subjects who were using alcohol, drug and smoke. In the 
adjusted analysis, alcohol and drug use had a significant 
impact on CRC. It was reported that CRC (∼30-50%) was 
affected by lifestyles, such as a high red and processed 
meat consumption, obesity, diabetes and alcohol overuse 
(26). It was postulated that smoking is responsible for 12% 
mortality of CRC. Carcinogenic substances in tobacco 
smoke increase risk of colorectal cancer. By comparing 
with non-drinkers, it was showed that higher alcohol 
consumption was significantly associated with elevated 
CRC risk (28, 29). 

Conclusion
Our results showedthat with and without using EM 

method, no significant association did exist between 
rs11614913 polymorphism and CRC risk. Deviation 
from HWE affected the results. It is suggested that future 
studies of this polymorphism should investigate HWE. 
Ignoring the equilibrium can cause inconsistencies in the 
results of studies.
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Abstract
Objective: Astaxanthin (AST) has been introduced as a radical scavenger and an anti-apoptotic factor that acts via 
regulating the nuclear factor-E2-related factor 2 (NRF2) and related factors. Here, we intended to examine the effect 
of AST on granulosa cells (GCs) against oxidative stress by examining NRF2 and downstream phase II antioxidant 
enzymes.

Materials and Methods: In this experimental study, we used cultured human primary GCs for the study. First, we 
performed the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test to evaluate cells viability 
after treatment with hydrogen peroxide (H2O2) and AST. The apoptosis rate and ROS levels were measured by flow 
cytometry. To determine NRF2 and phase II enzymes expression, we performed real-time polymerase chain reaction 
(PCR). Finally, we used western blot to measure the protein levels of NRF2 and Kelch-like ECsH-associated protein 1 
(KEAP1). Enzyme activity analysis was also performed to detect NRF2 activity.

Results: This study showed that AST suppressed ROS generation (P<0.01) and cell death (P<0.05) in GCs induced by 
oxidative stress. AST also elevated gene and protein expression and nuclear localization of NRF2 and had an inhibitory 
effect on the protein levels of KEAP1 (P<0.05). Furthermore, when we used trigonelline (Trig) as a known inhibitor of 
NRF2, it attenuated the protective effects of AST by decreasing NRF2 activity and gene expression of phase II enzymes 
(P<0.05). 

Conclusion: Our results presented the protective role of AST against oxidative stress in GCs which was mediated 
through up-regulating the phase II enzymes as a result of NRF2 activation. Our study may help in improving in vitro 
fertilization (IVF) outcomes and treatment of infertility.
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Introduction
Oxidative stress as a result of disruption in reduction-

oxidation (redox) homeostasis is an unavoidable threat 
for different human cells. When a great amount of 
reactive oxygen species (ROS) is generated, cells become 
more sensitive to outcomes of oxidative stress including 
apoptosis and damages to major organic molecules. For 
a better understanding it should be noted that oxidative 
stress is a caused by as an imbalance between the 
production of ROS and antioxidant scavengers levels 
(1). In normal states, a complex antioxidant system with 
several important defense enzymes, protects cells against 
oxidative stress through scavenging ROS and maintaining 
the redox homeostasis. Among these endogenous 
scavengers, nuclear factor-E2-related factor 2 (NRF2)/
Kelch-like ECH-associated protein 1 (KEAP1)-antioxidant 
response element (ARE) pathway and its underlying 
mechanism involving phase II enzymes including 

glutamate-cysteine ligase (GCL), heme oxygenase 1 
(HO1), and NAD(P)H quinone dehydrogenase 1 (NQO1), 
regulate antioxidant responses. GCL holoenzyme is an 
important antioxidant in glutathione biosynthesis with 
two different subunits, GCLC as a catalytic subunit and 
GCLM as a modifier subunit. HO1 cleaves the heme ring 
and leads to the formation of biliverdin and subsequently, 
bilirubin as potent antioxidants. Moreover, an excess 
amount of heme sensitizes cells to apoptosis. NQO1, 
as a flavoprotein can be produced under different stress 
conditions particularly oxidative stress in order to reduce 
quinones to hydroquinones and prevent the formation of 
subsequent ROS (2). Therefore, when ROS production is 
increased, NRF2 as a key transcription factor, translocates 
into the nucleus and enhances the expression of phase II 
antioxidant enzymes by attaching to ARE region but under 
normal conditions, KEAP1 binds to NRF2 and facilitates 
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its degradation through ubiquitination. Any disturbance 
in the function of this pathway results in an inability to 
neutralize the oxidative stress and following damages to 
multiple cells (3).

It is widely known that oxidative stress is highly 
correlated with chronic inflammation, age-related 
diseases, cancer, and infertility in both men and 
women. Over the past years, considerable effort has 
been made to increase the success rate of infertility 
treatments. Oxidative stress is regarded as an 
imperative factor affecting the success rates of in vitro 
fertilization (IVF) especially in granulosa cells (GCs) 
of women with polycystic ovarian syndrome (PCOS) 
(4). GCs surround the oocyte within the developing 
ovarian follicles and are key cells for the production of 
steroids as well as growth factors required for ovarian 
follicles growth and function. Although maintenance 
of normal physiological levels of ROS is important for 
successful fertilization and regulation of spermatozoa 
maturation, capacitation, hyperactivation, acrosomal 
reaction, chemotactic processes, and sperm-oocyte 
fusion, the overproduction of ROS has been linked to 
many fertility complications caused by damaging many 
organic molecules. Since oxidative stress reverses well 
maturation of GCs and embryo quality, a great attempt 
must be made for management of ROS generation (5).

Astaxanthin (AST, 3,3′-dihydroxy-β,β′-carotene-4,4′-
dione) is a powerful carotenoid pigment naturally found in 
orange and red fruits. AST with multiple health benefits has 
a wide range of biological activities including antioxidant, 
anti-apoptotic, anti-inflammatory, and neuroprotective 
effects. AST with a great antioxidant capacity can inhibit 
oxidative damage and then, protect different cells from 
most pathological conditions. Previous studies reported 
that AST shows significant antioxidant activities not 
only through radical scavenging but also by inducing the 
expression of NRF2 and its downstream target genes, 
to promote the antioxidant defense in human cells (6). 
However, there is no study indicating the protective role 
of AST in human GCs against oxidative stress. Since 
oxidative damage is a major cause of GCs and oocytes 
apoptosis and subsequent infertility in women, we 
intended to examine the possible role of AST in protecting 
cultured primary human GCs against hydrogen peroxide 
(H2O2)-induced oxidative stress through up-regulation 
of NRF2 pathway and subsequent activation of phase II 
enzymes including GCL, HO1, and NQO1. Furthermore, 
trigonelline (Trig) was used as an inhibitor of NRF2 (7) to 
express the link between NRF2-ARE pathway and AST-
induced phase II enzymes expression.

Materials and Methods

This study was approved by the Ethics Committee 
of Tehran University of Medical Sciences (IR.TUMS.
MEDICINE.REC.1395.730) and written informed consent 
was obtained from all contributors before initiation of the 
research.

Study population and granulosa cells isolation and 
culture

Our study was an experimental study. GCs used in 
the current study were provided from follicular fluid of 
healthy women aged between 20-38 years old, who had 
a regular menstrual cycle and healthy ovulatory function, 
were not taking took no hormonal drugs and underwent 
IVF for tubal and male infertility in the Infertility 
Department of Shariati Hospital affiliated with Tehran 
University of Medical Sciences (TUMS). A history of 
PCOS, autoimmune diseases, menstrual disturbance, 
endometriosis, hirsutism, and hyperprolactinemia was 
regarded as exclusion criteria. 

Purification of GCs was done according to previous 
studies (8). First, to eliminate the individual’s effects, 
follicular fluids obtained from different participants 
were pooled and centrifuged at 3000 rpm for 10 minutes. 
The cell pellet was resuspended in Dulbecco’s Modified 
Eagle Medium F-12 (DMEM/F-12, Gibco, Finland), then 
layered over Ficoll-Paque (GE Healthcare Biosciences, 
Uppsala, Sweden) and centrifuged at 3000 rpm for 10 
minutes. We collected GCs from the interphase, and 
washed, and cultured them in a complete medium that 
contained DMEM/F-12 supplemented with 10% (v/v) 
heat-inactivated fetal bovine serum (FBS, Gibco, South 
America), 100 mg/ml of streptomycin (Gibco by Life 
Technologies, Auckland, New Zealand), 100 U/ml of 
penicillin (Gibco by Life Technologies, Auckland, New 
Zealand), 2 mmol/l of glutamax (Sigma, St Louis, MO, 
USA), and 2 mg/ml of amphotericin B (PAN Biotech, 
Berlin, Germany) at 37˚C in a humidified atmosphere 
containing 5% CO2, for different experiments. The 
medium was freshly changed every other day. In the 
present study, we defined the study groups as control, 
cells treated with dimethyl sulfoxide (DMSO, Sigma, 
Germany), H2O2, AST, AST+H2O2, and Trig+AST+H2O2.

Measurement of cell viability

To evaluate the viability of GCs after treatment with 
H2O2 and AST (Sigma, China) and to determine an 
optimum dose for GCs treatment, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT, Alfa Aesar 
by Thermo Fisher Scientific, Germany) test was conducted 
according to previous studies (9, 10). It should be noted 
that AST was prepared by dissolving in DMSO. The test 
depends on the ability of viable cells to reduce tetrazolium 
bromide by mitochondrial dehydrogenase to produce 
formazan crystals (11). Briefly, GCs were cultured in a 96-
well plate at a density of 1×104 cells per well and treated 
with H2O2 (Fluka, Germany) at concentrations of 100, 150, 
200, 300, and 400 µM for 2 hours at 37˚C, to evaluate the 
cell viability after oxidative stress. Next, MTT solution at 
a concentration of 0.5 mg/ml was added to each well and 
plates were dark incubated at 37˚C for 4 hours. DMSO 
was used for dissolving the produced colorful crystals 
and the optical density (OD) of samples was estimated at 
570 nm by a microplate reader (EONTM, BioTek, USA) 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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with a background control as the blank. Moreover, GCs 
were treated with various concentrations of AST (0, 5, 10, 
and 20 µM) for 24 hours at 37˚C using MTT assay for 
evaluating the cell viability as described above. Finally, 
the MTT assay was conducted after pretreating cells with 
different concentrations of AST (0, 5, and 10 µM) for 
24 hours followed by H2O2 treatment at a concentration 
of 200 µM for another 2 hours at 37˚C to determine the 
optimal dose of AST for next steps.

Measurement of reactive oxygen species levels

The intracellular ROS levels were calculated using 
2’-7’-Dichlorodihydrofluorescein diacetate (DCFH-
DA, Sigma, Switzerland) fluorescent probe by flow 
cytometry (12). Briefly, cells were cultured at a density 
of 2×105 cells per well in the presence or absence of 
5 µM of AST for 24 hours and then, exposed to 200 
µM H2O2 for another 2 hours at 37˚C. In addition, Trig 
(Sigma, Switzerland) at a concentration of 0.1 µM was 
used as an inhibitor of NRF2, 1 hour before treatment 
with AST. Then, GCs were incubated with 1 µM of 
DCFH-DA for 30 minutes at 37˚C and resuspended 
in phosphate buffered saline (PBS, Sigma, Germany). 
Flow cytometry was applied for detecting the 
fluorescence intensity at the wavelength of 525nm 
(FL1-H) band-pass filter based on mean fluorescence 
intensity of 10,000 cells. FlowJo 7.6.1 was applied for 
analyzing the results.

Apoptosis assay

The Annexin V FITC-Propidium Iodide (PI) 
Apoptosis Detection Kit (Invitrogen by Thermo Fisher 
Scientific eBioscience) was applied to determine the 
total cell apoptosis according to the manufacturers’ 
protocol. In details, GCs were cultured in a six-
well plate at a density of 1×105 cells per well in the 
presence or absence of 5 µM of AST for 24 hours and 
then, treated with 200 µM H2O2 for another 2 hours at 
37˚C. Moreover, the effect of Trig at a concentration 
of 0.1 µM on GCs viability was measured. Next, GCs 
were resuspended in 1X Annexin-Binding buffer and 
a dark incubation at room temperature for 15 minutes 
was accomplished after adding Annexin V-FITC and 
PI. The fluorescence emission was measured by flow 
cytometry. Staining for apoptosis was performed as 
described by the manufacturer. Annexin V-negative, 
PI-negative stained cells: viable cells; Annexin 
V-positive, PI-negative stained cells: early apoptotic 
cells; Annexin V-positive, PI-positive stained cells: 
late apoptotic cells; and Annexin V-negative, PI-
positive stained cells: necrotic cells (13). The stained 
cells were analyzed by FlowJo software. 

Real-time polymerase chain reaction

Total RNA was extracted from cells using TRIzol 
reagent (Life Technologies, Gaithersburg, MD, USA) 

as explained by the manufacturer. Next, 1 μg of total 
RNA was applicable for cDNA synthesis using a 
First-Strand cDNA Synthesis Kit (Thermo scientific, 
Foster City, CA, USA) based on the manufacturer’s 
protocol. Real-time polymerase chain reaction (real-
time PCR) was conducted to quantitate mRNA levels 
by the RealQ plus 5x Master Mix Green (Bio-Rad 
Laboratories, Hercules, CA, USA) using an Applied 
Biosystem StepOne real-time PCR, according to the 
manufacturers’ protocol. GAPDH was used as an 
internal standard for normalizing the expression levels 
of our studied genes using the 2-ΔΔCt method in order 
to obtain the relative fold change results (14). All 
samples were analyzed in triplicate. The primers used 
in the present study are shown in Table 1.

Table 1: Forward and reverse primers used for real-time polymerase 
chain reaction

Primer Primer sequence (5ˊ-3ˊ)

NRF2 F: TTCCTTCAGCAGCATCCTCTC

R: AATCTGTGTTGACTGTGGCATC

GCLC F: GGGCGATGAGGTGGAATAC

R: GGGTAGGATGGTTTGGGTTTG

GCLM F: GCGGTATTCGGTCATTGTG

R: GGTAAGTTATGCTCCTAAGTCAG

HO1 F: TGACACCAAGGACCAGAGC

R: TAAGGACCCATCGGAGAAGC

NQO1 F: TATCCTGCCGAGTCTGTTCTG

R: AACTGGAATATCACAAGGTCTGC

GAPDH F: AGTCCACTGGCGTCTTCAC

R: ATCTTGAGGCTGTTGTCATACTTC

Western blot analysis 

GCs were lysed by a Protein Extraction Kit 
(Active Motif Inc., Carlsbad, CA, USA) based on 
the manufacturer’s protocol. The insoluble material 
was removed by centrifugation at 15000×g for 
10 minutes at 4˚C. After collecting supernatants, 
Bradford reagent (Bio-Rad, Foster City, MI, USA) 
was used to determine the protein concentrations. 
Protein lysates at a concentration of 20 µg/µl were 
subjected to sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and then, transferred 
to polyvinylidene difluoride membranes (Bio-Rad). 
After blocking with 5% BSA in TBST buffer at 4˚C 
overnight, the membranes were blotted with primary 
antibodies including antibody against NRF2 (1:750; 
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GeneTex, USA), antibody against KEAP1 (1:750; 
Abcam, Cambridge, MA, USA), and antibody against 
β-actin (1:500; Santa Cruz Biotechnology, CA, USA), 
at 4˚C overnight. Next, the blots were washed and 
incubated with corresponding horseradish peroxidase 
(HRP)-linked secondary antibodies (rabbit anti-mouse 
IgG, ab97046, 1:5000; Abcam, Cambridge, UK) for 2 
hours at room temperature. Protein bands were developed 
using a chemiluminescence system (ECL-plus, Lumigen, 
Inc., Southfield, MI, USA) (15). β-actin was used as an 
internal protein to normalize the expression of target 
proteins NRF2 and KEAP1. Data were analyzed by the 
ImageJ software.

Measurement of NRF2 activity

We used a TransAM NRF2 Transcription Factor 
ELISA Kit (Active Motif Inc., Carlsbad, CA, USA) to 
evaluate the binding activity of NRF2 to DNA according 
to the manufacturer’s protocol. In detail, we incubated 
2.5 μg of nuclear extracts in a 96-well plate after ARE 
oligonucleotides immobilization. By washing and adding 
an NRF2 antibody, we incubated the plate again and 
finally used a HRP-linked secondary antibody to provide 
colorimetric data. A microplate reader was applied for 
detecting the absorbance at 450 nm. A450 indicated the 
binding activity of NRF2-ARE.

Statistical analysis
The Statistical Package for Social Sciences 22 (SPSS 22, 

Inc., Chicago, IL, USA) was used for the statistical analysis 
of all results. The Kolmogorov–Smirnov test was used for 
testing the normalization of data. For multiple comparisons 
between groups, Mann-Whitney U-test was used for 
nonparametric data. Results are shown as mean ± standard 
deviation. Values of P<0.05 were regarded as significant. 

Results
The viability of granulosa cells after H2O2 and 
Astaxanthin treatments

To determine the viability of GCs following treatment 
with various concentrations of AST (0, 5, 10, and 20 
µM), we used MTT assay which showed a significant 
cell death at a concentration of 20 µM compared to the 
control group. Moreover, we also used MTT assay for 
determining the most appropriate concentration of H2O2 
for induction of oxidative stress. Thus, we treated GCs 
with different concentrations of H2O2 (100, 150, 200, 300, 
and 400 µM) for 2 hours. We detected a reduction of cell 
viability up to 50% at 200 µM and higher concentrations 
after 2 hours (P<0.001). Finally, we pretreated our studied 
cells with various concentrations of AST (0, 5, and 10 
µM) for 24 hours followed by an extra treatment with 200 
µM H2O2 for 2 hours, to find the optimal dose of AST 
for protecting GCs from oxidative damage as provided 
in Figure 1. Here, the optimal dose of AST with the best 
protective effect was 5 µM for 24 hours.

Astaxanthin inhibits reactive oxygen species 
production

Intracellular ROS levels were evaluated by a DCFH-
DA fluorescent probe. For this purpose, we pretreated 
cells with 5 µM of AST for 24 hours and then, treated 
them with 200 µM of H2O2 for another 2 hours. Here, we 
observed a significant increase in ROS generation using 
a DCF fluorescence, in the H2O2-treated group (mean 
fluorescence: 215 vs. 93) as shown in Figure 2, which was 
remarkably reduced to 50% after pretreatment with AST 
in the AST+H2O2 and Trig+AST+H2O2 groups (P<0.01 
and P<0.001, respectively). The fluorescence intensity of 
GCs was significantly decreased after AST pretreatment 
in all AST-treated groups.

Fig.1: H2O2 and AST toxicity measurement and the protective effect of AST against H2O2 in GCs. A. To evaluate oxidative stress conditions; GCs were treated 
with various concentrations of H2O2 (100, 150, 200, 300, and 400 µM) for 2 hours. B. To determine AST toxicity on GCs, various concentrations of AST 
(0, 5, 10, and 20 µM) were used for 24 hours. C. To evaluate the protective effects of AST on oxidative stress conditions, GCs were treated with various 
concentrations of AST (0, 5, and 10 µM) for 24 hours, next treated with 200 μM of H2O2 for another 2 hours. Results are demonstrated as the mean ± SD. 
*; P<0.05, **; P<0.01, and ***; P<0.001, GCs; Granulosa cells, AST; Astaxanthin, and OD; Optimal density.
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Fig.2: ROS induction. A, B. AST protects GCs from H2O2-mediated ROS generation. GCs were pretreated with 5 µM of AST for 24 hours, and then 
treated with 200 µM of H2O2 for another 2 hours. GCs were also treated with 0.1 µM of Trig 1 hour before the exposure to AST. Intracellular 
ROS levels were evaluated by flow cytometry using a DCFH-DA fluorescent probe. Values are presented as the median fluorescence ± SD of 3 
independent experiments. *; P<0.05, **; P<0.01, ***; P<0.001, ROS; Reactive oxygen species, AST; Astaxanthin, GCs; Granulosa cells, DMSO; 
Dimethyl sulfoxide, and Trig; Trigonelline.

Astaxanthin prevents granulosa cells from H2O2-
induced apoptosis 

H2O2 exposure as a common model used for the induction 
of oxidative damage, increases cellular apoptosis. To 
determine the protective effect of AST against H2O2-induced 
apoptosis, GCs were pretreated with 5 μM of AST as the 
optimal dose for 24 hours and then, treated with 200 µM of 
H2O2 for 2 hours. The annexin V/PI staining was performed 
to determine the total GCs apoptosis due to H2O2 treatment 
with or without pretreatment of AST by using flow cytometry. 
As provided in Figure 3, annexin V+/PI- as an indicator of 
early apoptotic cells percentage showed a higher apoptosis 
rate in the H2O2-treated GCs in comparison with the control 
group which was significantly reduced after pretreatment 
with AST (P<0.05). Moreover, GCs were treated with 0.1 
µM of Trig as a known inhibitor of NRF2 1 hour before 
treatment with AST. Remarkably, the apoptosis rate was still 
significantly lower in the Trig+AST+H2O2 GCs compared 
to H2O2-treated GCs (P<0.01) but Trig treatment slightly 
increased the percentage of early apoptotic cells compared 
to the AST+H2O2 group (P<0.05).

Astaxanthin enhances gene and protein expression and 
nuclear localization of NRF2 while declines KEAP1 
protein levels

Firstly, our results indicated that H2O2 treatment resulted in 
induced expression of NRF2. The protein levels of KEAP1 
as an endogenous inhibitor of NRF2, was also increased 
after H2O2 exposure, however, it was not significant. 
Moreover, pretreatment with AST significantly induced 
NRF2 expression at both mRNA and protein levels in cells 
with or without H2O2 exposure (P<0.01). Moreover, AST 
increased NRF2 activity and its connection to ARE region 
in DNA compared to the H2O2-treated GCs without AST 
exposure (P<0.05) which was induced by Trig treatment as 

an inhibitor of NRF2 (P<0.05). AST also reduced KEAP1 
protein levels in cells with or without H2O2 exposure 
(P<0.05). Furthermore, Trig resulted in a significant 
decrease in NRF2 gene expression in GCs treated with 
H2O2 (P<0.01, Fig.4A-C). It also significantly reduced 
gene and protein expression of NRF2 compared to the 
H2O2-treated group after AST pretreatment (P<0.01). The 
protein levels of KEAP1 were significantly induced in 
the Trig+AST+H2O2 group in comparison to the H2O2-
treated group with or without AST pretreatment (P<0.01). 
However, as provided in Figure 4, the higher expression 
of NRF2 at both mRNA and protein levels and the lower 
protein levels of KEAP1 were still observed as significant 
after Trig exposure in the Trig+AST+H2O2 GCs compared 
to the H2O2-treated GCs.

Astaxanthin increases the expression of GCLC, GCLM, 
HO1, and NQO1 genes

To determine whether the effect of AST on the activation 
of NRF2/ARE pathway is followed by a higher gene 
expression of phase II enzymes including GCLC, GCLM, 
HO1, and NQO1, we conducted real-time PCR. The gene 
expression of these antioxidant enzymes was increased 
after exposure to H2O2 in comparison with the control 
group. Our results demonstrated that pretreatment with 5 
µM of AST for 24 hours, significantly enhanced the gene 
expression of phase II enzymes in the H2O2-treated and 
untreated groups (Fig.5). Moreover, Trig as an inhibitor of 
NRF2, significantly attenuated this effect on the mRNA 
levels of GCLC, GCLM, and HO1 in the H2O2-treated 
GCs after pretreatment with AST (P<0.01). Therefore, 
these findings support the role of phase II antioxidant 
enzymes in the protective effects of AST through NRF2 
up-regulation. 
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Fig.3: AST protects GCs from H2O2-induced apoptosis. A. The apoptosis rate was measured by an annexin V/PI double staining test and flow cytometry. The 
quadrants on annexin V/PI dot plots classed as: Annexin V-negative, PI-negative staining cells: viable cells; Annexin V-positive, PI-negative staining cells: 
early apoptotic cells; Annexin V-positive, PI-positive staining cells: late apoptotic cells; and Annexin V-negative, PI-positive staining cells: necrotic cells. B. 
The quantitative data are shown as median ± SD of three independent experiments. *; P<0.05, **; P<0.01, AST; Astaxanthin, GCs; Granulosa cells, DMSO; 
Dimethyl sulfoxide, and Trig; Trigonelline.

Fig.4: Evaluation of NRF2 mRNA, protein, and activity and KEAP1 protein levels after AST and H2O2 treatment in GCs. A. NRF2 and KEAP1 protein levels were 
evaluated by western blot after treatment with 5 µM of AST for 24 hours and then treatment with 200 µM of H2O2 for another 2 hours. The band densities 
of NRF2 and KEAP1 were normalized against β-actin. B, C. Real-time PCR was conducted to evaluate the expression of NRF2 mRNA. GAPDH was used as an 
internal standard for normalization. D. Effects of AST on DNA binding activity of NRF2. The molecular weights of NRF2, KEAP1, and β-actin are reported to 
be 61, 70, and 42 kDa, respectively. The data are indicated as the mean ± SD of 3 independent experiments. *; P<0.05, **; P<0.01, AST; Astaxanthin, GCs; 
Granulosa cells, PCR; Polymerase chain reaction, DMSO; Dimethyl sulfoxide, and Trig; Trigonelline.
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Fig.5: Evaluation of GCLC, GCLM, Ho1, and NQO1 mRNAs after AST and H2O2 treatment in GCs. After treatment with 5 µM of AST for 24 hours and then 
treatment with 200 µM of H2O2 for another 2 hours, A. GCLC, B. GCLM, C. Ho1, and D. NQO1 mRNAs were measured using real-time PCR. GAPDH was used 
as an internal standard for normalization. The data are indicated as the mean ± SD of 3 independent experiments. *; P<0.05, **; P<0.01, AST; Astaxanthin, 
GCs; Granulosa cells, PCR; Polymerase chain reaction, DMSO; Dimethyl sulfoxide, and Trig; Trigonelline.

Discussion
In the present study, we intended to examine the effects 

of AST on H2O2-induced oxidative stress in primary human 
GCs through investigating the expression of NRF2, 
KEAP1 and downstream phase II enzymes including 
GCL, HO1, and NQO1. The main finding of our study 
was the stimulatory effect of AST on the gene and protein 
levels and the nuclear localization of NRF2 along with its 
inhibitory effect on KEAP1 protein levels. Importantly, 
we indicated that AST pretreatment suppressed ROS 
generation and cell death in GCs under the conditions of 
oxidative stress. Moreover, we revealed that using Trig 
as an inhibitor of NRF2, reduced the protective effects 
of AST by decreasing NRF2 expression and activity and 
the gene expression of phase II enzymes. However, its 

inhibitory role did not completely remove the protective 
effects of AST on GCs. Therefore, our study may support 
a key role of the NRF2/ARE pathway in stimulating 
antioxidant enzymes induced by AST pretreatment in 
GCs. 

As mentioned before, oxidative stress plays an important 
role in GCs related disorders like PCOS and may have a 
notable influence on IVF outcome. Therefore, developing 
an accurate model of oxidative stress is essential in 
different studies. One of the most applicable models used 
for establishing oxidative stress is the treatment of cultured 
cells like primary human GCs with H2O2 (4). Here, we used 
the model of H2O2-induced oxidative stress in GCs for 
investigating the antioxidant efficiency against oxidative 
damage. 200 µM of H2O2 for 2 hours was determined to 
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induce oxidative stress in GCs for the next experiments. 
In our recent study, we showed that a concentration of 
200 μM of H2O2 for 2 hours, promotes oxidative stress in 
GCs (16). A recent similar study also used 200, 400, and 
600 μM of H2O2 for 48 hours to induce oxidative stress in 
GCs and evaluate the expression of NRF2 and associated 
antioxidant enzymes (17). In addition, another study used 
200 µM of H2O2 for 24 hours to create the same condition 
in retinal pigment epithelial cells (18). Furthermore, 400 
µM of H2O2 for 48 hours was used to trigger the model of 
oxidative stress in GCs (17). Our chosen concentration of 
H2O2 for creating the model of oxidative stress was almost 
supported by other studies too in different cultured cells 
like human keratinocytes (19).

Antioxidant enzymes are produced more under 
conditions of excess ROS production to neutralize 
oxidative stress and return the homeostasis of cells like 
GCs and then, regulate ovarian follicles growth and 
function. Earlier studies emphasized the importance of 
NRF2 and KEAP1 in the regulation of GCs condition 
at several phases of follicles (17). Since the exact 
mechanisms underlying the interaction between oxidative 
stress and antioxidant defense in human GCs, are largely 
unknown and need more comprehensive investigations, 
here, we intended to explore the role of NRF2/ARE 
pathway in protecting GCs against ROS production and 
apoptosis by using the natural carotenoid pigment, AST. 

Recently, AST has been under great attention for its 
various biological functions including ROS scavenging, 
anti-inflammatory, anti-apoptotic, and anti-oxidative 
effects (20). AST is a powerful carotenoid antioxidant 
having many potential applications in human health 
protection. Although the exact mechanism of AST in 
reducing oxidative damage is largely unknown, the role 
of NRF2/ARE pathway activation for these anti-oxidative 
effects was illustrated (21). However, the protective effect 
of AST on human GCs against oxidative stress is still 
elusive. Here, we firstly determined the best protective 
concentration of AST. The optimal dose of AST we used 
was 5 µM for 24 hours which was also supported by 
other researches done under similar concentrations. For 
instance, 5 µM of AST was able to protect keratinocytes 
and peritoneal mesothelial cells from oxidative damage 
(22, 23). Likewise, AST at concentrations of 5 and 6.25 
μM increased the expression of phase II antioxidant 
enzymes in other types of cells (24).

One of the most important results of our study is that 
AST can inhibit ROS production and protect cells from 
apoptosis. The intracellular ROS levels generated by H2O2 
were significantly lower in GCs after pretreatment with 5 
µM AST. Several studies demonstrated that AST acts as 
a potent free radical scavenger and reduces the amount 
of intracellular ROS in several types of human cells. 
For instance, AST at a concentration of 5 μM protected 
peritoneal mesothelial cells by scavenging glucose-
induced ROS (23). Interestingly, another study showed 
that AST at concentrations of 10 and 20 μM decreased 
ROS production in retinal pigment epithelial cells (18). 

Moreover, 2 μM of AST decreased fatty acid-induced 
ROS production in human lymphocytes (25). Several 
studies also reported the preventive effects of AST on 
ROS production in human neuroblastoma cells (26). 
AST at concentrations of 10 and 100 μM also scavenged 
intracellular ROS in retinal ganglion cells (27). Putting 
these together, we may conclude that AST as a direct 
scavenger of free radicals like H2O2, has beneficial effects 
on improving viability of primary human GCs.

In our study, flow cytometry analysis showed a possible 
role of AST in decreasing H2O2-induced GCs early and 
late apoptosis through its anti-oxidative and anti-apoptotic 
properties. The present study suggests that AST up-
regulated NRF2/ARE pathway and as a result, suppressed 
the apoptosis rate of GCs induced by intracellular ROS. 
Along with our data, other studies also suggested the 
inhibitory role of AST on apoptosis in different human 
cell types including keratinocytes treated with 5 µM AST 
(22), alveolar epithelial cells treated with 8 µM AST (28), 
and human neuroblastoma cells treated with 20 μM AST 
(29). Therefore, AST can be used for protecting GCs from 
apoptosis through its scavenging activity and then, to 
strengthen the ability to reproduce in women. Moreover, 
as high levels of NRF2 were observed in the presence of 
AST followed by a decrease in ROS production and cell 
damage, we may suggest NRF2 as a survival protein in 
follicular development.

Among many endogenous antioxidant components 
involved in maintaining cellular homeostasis, NRF2-
ARE pathway and its underlying targets phase II enzymes 
GCL, HO1, and NQO1, are of great importance (2). They 
are induced under conditions of oxidative stress when 
NRF2 as a key transcription factor, is translocated into the 
nucleus for binding to ARE region leading to enhanced 
expression of phase II antioxidant enzymes. But until 
the homeostasis of the cell remains normal, NRF2 is 
inactivated by its endogenous inhibitor, KEAP1 protein 
(30). As described earlier, the phase II enzymes induced 
by this pathway consist of several antioxidants. Here, we 
intended to evaluate the effects of AST treatment on mRNA 
and protein expression and the activity of NRF2 as well as 
the gene expression of GCLC, GCLM, HO1, and NQO1. 
Furthermore, we evaluated the protein levels of KEAP1 to 
investigate whether the effects of AST on the NRF2-ARE 
pathway is dependent on NRF2 inhibitor or not. Our study 
demonstrated that AST pretreatment induced the gene 
and protein levels of NRF2 but reduced the protein levels 
of KEAP1 in GCs in the presence or absence of H2O2. 
Moreover, measurement of NRF2 activity showed that 
AST was able to significantly increase NRF2 translocation 
to the nucleus and its connection to the ARE consensus site 
(5′-GTCACAGTGACTCAGCAGAATCTG-3′) compared 
to H2O2-treated GCs without AST. Then, AST stimulates 
NRF2-ARE pathway by both enhancing the gene 
expression and activity of NRF2 and decreasing KEAP1 
protein levels. Interestingly, a higher level of NRF2 in the 
nucleus may result from its up-regulation and lower levels 
of KEAP1 protein as its intracellular inhibitor. 
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We also observed a significant increase in the gene 
expression of phase II enzymes after AST pretreatment 
in H2O2-treated and untreated groups which followed 
by subsequent protection of GCs against oxidative 
damage and cell death. Some studies support our findings 
including a recent study that indicated the potential role of 
AST in increasing the nuclear localization of NRF2 and 
subsequent expression of NQO1 and HO1 in glomerular 
mesangial cells (31). Interestingly, AST induced the gene 
expression of HO1 followed by the activation of NRF2 
nuclear translocation in human umbilical vein endothelial 
cells which was reduced after using NRF2 specific 
small interfering RNA (siRNA) for its inhibition (32). 
Furthermore, AST reduced the levels of KEAP1 protein 
which triggered its dissociation from NRF2 and increased 
the nuclear localization of NRF2 in the kidney of 
diabetic rats (33). Another investigation on the brain after 
experimental subarachnoid hemorrhage showed that AST 
can activate NRF2-ARE pathway and subsequent gene 
expression of HO1 and NQO1 enzymes, then ameliorated 
oxidative stress (34). Moreover, AST at a concentration of 
6.25 μM produced the highest gene expression of NRF2, 
NQO1, and HO1 compared to other concentrations of AST 
in HepG2 cells (24). In another similar study on retinal 
pigment epithelial cells, researchers reported a higher 
NRF2 nuclear localization and GCLC, GCLM, HO1, and 
NQO1 expression after treatment with 5, 10, and 20 μM 
of AST (18). In  view of our findings and the others, we 
may remark the importance of NRF2-ARE pathway in the 
activation of its downstream phase II antioxidant enzymes 
for the protection of ovarian follicles, preventing women 
from oxidative stress-related disorders, and increasing 
the success rates of IVF. Here, we pointed towards the 
activation of NRF2-ARE pathway by AST as well as other 
antioxidants such as phenolic compounds and carotenoids 
(35). Finally, we hope to achieve a better pregnancy result 
by applying AST as an inducer of NRF2/ARE pathway to 
neutralize oxidative stress and apoptosis in human GCs.  

Moreover, Trig as an alkaloid derived from niacin 
(vitamin B3) was added at a concentration of 0.1 µM 
to express the importance of NRF2 in the protective 
effects of AST and describe the link between NRF2-ARE 
pathway and AST-induced phase II enzymes expression 
(7). Here, we observed a significant decrease in the 
expression of NRF2 at both mRNA and protein levels 
as well as the gene expression of phase II enzymes by 
adding Trig to H2O2-treated and untreated GCs after AST 
pretreatment. Likewise, Trig treatment induced the levels 
of endogenous inhibitor of NRF2, KEAP1 protein along 
with a reduction in NRF2 activity in H2O2-treated GCs 
after AST pretreatment. This underlines the remarkable 
role of AST-induced NRF2/ARE pathway in stimulating 
phase II enzymes. However, our results revealed that the 
protective effects of AST on our studied target expression 
remained significant after Trig treatment compared to 
H2O2-treated GCs which highlighted the effectiveness 
of AST and the inability of Trig to completely erase the 
protective effects of AST. Furthermore, there are other 
studies regarding the inhibitory role of Trig on the nuclear 

accumulation of NRF2 protein in different types of cells 
(36). According to our data and those reported by previous 
studies, it seems likely that Trig inhibits NRF2 pathway 
and its downstream antioxidant enzymes mostly by 
inhibition of NRF2 nuclear accumulation. Putting these 
findings together, our study established the importance of 
NRF2/ARE pathway in the related antioxidant defense 
induced by AST regarding the possibility that Trig has 
an inverse influence on the stimulatory role of AST on 
GCLC, GCLM, HO1, and NQO1 expression.

Altogether, in this study, we showed that AST as a 
protective natural factor promotes gene and protein levels 
of NRF2 and inhibits the protein levels of KEAP1 in 
primary human GCs. We may consider this mechanism for 
the inhibition of H2O2-induced apoptosis and intracellular 
ROS generation by AST treatment. Hence, here for the 
first time, we showed that AST inhibits H2O2-induced 
apoptosis and intracellular ROS generation through a 
mechanism by which NRF2 induces the expression of 
antioxidant enzymes such as GCL, HO1, and NQO1 in 
GCs. Therefore, the current study provides supporting 
data considering the possible role of AST in presenting 
a noble therapeutic strategy for infertility, PCOS and 
other ovarian diseases related to oxidative damage. These 
results show that AST as a radical scavenger and an anti-
apoptotic factor, probably protects primary human GCs 
against H2O2-induced oxidative stress and cell death via 
regulating NRF2 and related factors and thus, improves 
the development of the ovarian follicles.

The limitations of the present study included using 
Trig as an inhibitor of NRF2. Because this agent is not 
capable of completely suppressing NRF2 as provided in 
our results, a more applicable and specific material must 
be applied for complete inhibition of NRF2 to investigate 
its role in activating downstream antioxidant defense. 
Therefore, we suggest the use of a specific siRNA for this 
propose in future studies related to this topic. 

Conclusion

Our study demonstrated that AST promotes gene and 
protein levels of NRF2 and inhibits the protein levels 
of KEAP1 in primary human GCs. It seems likely that 
activation of NRF2 by AST may attenuate oxidative stress in 
human GCs through activation of downstream antioxidant 
enzymes including GCL, HO1, and NQO1 and may produce 
better outcomes of IVF and reproduction in women.
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Abstract
Objective: Insulin induces anti-cancer drugs resistance in tumor cells. However, the mechanism by which insulin 
induces its drug resistance effects is not clear. In the present study, the expression of miR-221 in insulin-treated MCF-7 
cells in response to the anti-cancer drug doxorubicin, was investigated.

Materials and Methods: In this experimental study, cell viability was evaluated using MTT (3-[4,5 dimethylthiazol-2-
yl]-2,5-diphenyl tetrazolium bromide) assay. The expression level of miR-221 was determined by real time polymerase 
chain reaction (RT-PCR). Furthermore, the expression of insulin receptor (IR) and cleaved caspase-3 protein was 
assessed by Western blotting. 

Results: The results showed that treatment of the MCF-7 cells with insulin reduced the anti-cancer effects of 
doxorubicin. Viability of naive and insulin-treated cells following doxorubicin (DOX) treatment was 62.9 ± 5.7% and 79 
± 7.2%, respectively. Furthermore, the expression of miR-221 in insulin-treated cells was significantly increased (2.6 
± 0.37-fold change) as compared with the control group. A significant decrease (26%) in the expression of caspase-3 
protein and a significant increase (24%) in IR were observed in insulin-induced drug resistant MCF-7 cells as compared 
to the naive cells. 

Conclusion: Together, the data showed a positive correlation between the expression of miR-221 and IR expression, 
but a negative correlation with caspase3 expression, in insulin-induced drug resistant MCF-7 breast cancer cells. This 
could suggest a new mechanism for the role of miR-221 in cancer drugs resistance induced by insulin.
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Introduction
Chemotherapy based on doxorubicin (DOX) is one of the 

most common treatments for breast cancer. DOX belongs 
to the family of anthracyclines, which functions through 
two main mechanisms: i. It can intercalate itself into the 
DNA and inhibit DNA and RNA polymerases and disrupt 
DNA repair mechanism by topoisomerase enzymes, and 
ii. DOX can cause the formation of free radicals resulting 
in damages to proteins, cell membranes and DNA. Despite 
advances in cancer therapy, drug resistance such as DOX 
resistance is one of the most important challenges.

Numerous studies showed the association between 
insulin signaling and tumor metastasis and drug resistance 
(1, 2). Due to its connection with a network of signaling 
pathways, insulin signaling has been considered one of the 
very complicated pathways (2). Upon binding of insulin 
to the α-subunit of insulin receptor (IR), conformational 
changes induce trans-phosphorylation of each β-subunit, 
resulting in the activation of IR. Subsequently, the 
activated IR phosphorylates intracellular substrates such 
as the IR substrate (IRS) family. IRS phosphorylation 
finally results in the activation of downstream effectors 
such as AKT (protein kinase B), which mediates several 
functions that prevent cell death and result in cell survival 

like activating protein and glycogen synthesis (2, 3). This 
cascade of phosphorylation events is commonly known 
as the PI3K/AKT pathway of insulin signaling which 
sometimes increases carcinogenicity (3, 4) and induces 
drug resistance (1, 5, 6). In fact, in many types of cancers, 
insulin induces resistance to chemotherapy and may even 
be associated with late diagnosis, especially in patients 
with obesity and type-2 diabetes.

A significant association between cancer-related 
mortality and use of exogenous insulin was reported 
(7). Moreover, the relevance of increased risk of breast 
cancer and type-2 diabetes in women was demonstrated 
(8). Furthermore, the association between diabetes and 
an increased risk of colorectal cancer was reported. In 
addition, it was reported that the up-regulation of IR can 
enhance multistage tumor progression and cause intrinsic 
resistance to insulin-like growth factor-1 receptor (IGF-
1R) targeted therapy (9). Moreover, the over-expression 
of IRs in cancers was shown in different reports (9, 10). 
However, the mechanism(s) by which insulin induces 
drug resistance is not fully understood.

miRNAs are small noncoding RNAs (18-23 nucleotide) 
which are transcribed by RNA polymerase II and play 
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critical roles in gene regulation (11). Recent studies 
indicated that more than half of the known human genes 
are targets for miRNAs and each miRNA can regulate 
multiple target genes (12). It is believed that more than 
50% of miRNAs are located in the genomic regions that 
were deleted or duplicated in various types of tumors, 
leading to under regulation of gene expression (13). It 
was reported that up- or down-regulation of miRNAs 
expression could lead to variations in chemotherapy 
susceptibility of cancer cells through various cellular 
pathways (14, 15). Moreover, it was shown that several 
miRNAs can regulate cellular response to anti-cancer 
drugs by modifying drug concentration, survival pathway, 
apoptotic response and cell cycle (16). It was demonstrated 
that there is an aberrant expression of miRNAs such as 
miR-221, miR-21, miR-19, and miR-127, in drug-resistant 
cancer cells (17-19). Moreover, several reports indicate 
the involvement of miRNAs such as, miR-221, miR-
181b, miR-126 and miR-21, in regulation of expression 
of genes involved in insulin signal transduction pathway 
(20, 21).

In this study, the changes in the expression of miR-
221, IR and apoptotic components of caspase-3, were 
evaluated in insulin-induced drug resistant MCF-7 breast 
cancer cells.

Materials and Methods
In this experimental study, cell culture reagents, fetal 

bovine serum (FBS), penicillin-streptomycin solution 
and trypsin-EDTA, were obtained from Biosera 
Company (Boussens, France). Cell culture flasks and 
dishes were purchased from SPL Life Science, Inc. 
(Gyeonggi-Do, South Korea). MTT (3-[4, 5-dimethyl-
2-thiazolyl]-2, 5-diphenyl-2-tetrazolium bromide) and 
primary monoclonal anti-β-actin antibody (A-5316) 
were obtained from Sigma-Aldrich (St. Louis, MO). 
Primary polyclonal anti-Insulin Rβ (sc-711), secondary 
goat anti-rabbit (sc-2004), and secondary goat anti- 
mouse (sc- 2357) antibodies were purchased from Santa 
Cruz Biotechnology, Inc. (Santa Cruz, CA). Primary 
polyclonal anti-Caspase-3 (#9662) was purchased from 
Cell Signaling Technology (Danvers, MA, USA).

The present work was approved by Department of Research 
and Technology of University of Isfahan as a Ph.D. thesis. 

Cell culture
The MCF-7 cell line was obtained from the National 

Cell Bank of Iran (Pasteur Institute, Tehran, Iran). The 
cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM, Biosera, France) supplemented with 
10% FBS, penicillin (100 U/mL), and streptomycin (100 
μg/mL). They were maintained in 5% CO2 atmosphere 
at 37˚C. Cells were cultured in 96-well culture plates at 
initial seeding number of 5×103cells per well.

Cell viability analysis
Cell viability was assessed by MTT assay (22). In 

this method, MTT is reduced to purple formazan by 
mitochondrial dehydrogenase, revealing the number of 
living cells. MTT was dissolved in phosphate-buffered 
saline (PBS) at final 5 mg/ml concentration. In each assay, 
20 μl of MTT was added to each well containing 5×103 
MCF-7 cells, and then, incubated for 2 hours at 37˚C. In 
the next step, the culture medium was removed carefully 
and 100 μl dimethyl sulfoxide (DMSO) was added to the 
cells. The cell plate was gently shaken until formazan 
crystals were dissolved completely. Absorbance (optical 
density) was determined at 490 nm by an automatic 
microplate reader (ELX 8000, Biotek-USA).

In order to determine the antitumor effects of DOX in 
breast cancer cells, the MCF-7 cells were treated with 
the increasing concentrations of DOX and their viability 
was determined by MTT assay. After the initial 24 hours 
of attachment/growth period, the cells were incubated 
with DOX 1, 5 and 10 μM for 48 and 72 hours. The 
main studied groups in MTT test were naive cell group 
and insulin-treated cell group. The naive cells received 
no insulin treatment. This group included the following 
subgroups: i. Control cells which were cultured in 200 μl 
complete DMEM growth medium and ii. Three groups of 
MCF-7 cells that were incubated with different doses of 
DOX (1, 5 and 10 μM). 

Treated MCF-7 cells group contained cells which were 
treated with insulin (48 or 72 hours). This group contained 
subgroups including control group, which was cultured 
in 200 μl complete DMEM growth medium with 10 nM 
insulin, and three groups of insulin pretreated MCF-7 cells 
that were incubated in the presence of different doses of 
DOX (1, 5 and 10 μM) for further 24 hours.

Total RNA isolation and real time polymerase chain 
reaction 

Total RNA extraction was performed from collected 
cells using RNX+ reagent (SinaClone Co., Iran), and then, 
cDNA was synthesized using a universal cDNA synthesis 
kit (Exiqon, Copenhagen, Denmark) according to the 
manufacturer’s protocol. U48 small nuclear RNA was 
used as the internal control. The real-time polymerase 
chain reaction (PCR) reactions were performed using the 
specific primers of hsa-miR-221 and U48 (Pars Genome 
co., Iran). Quantitative PCR (qPCR) was performed using 
7500 real-time PCR system (Applied Biosystem-USA). 
In our experiments for comparing gene expression levels 
among samples, the 2−ΔΔCT method was used (23). The 
main studied groups for RT-PCR were naive cells group 
and insulin-treated cells group. In naive cells group, 
no insulin treatment was done and this group included: 
control cells which were cultured in 200 μl complete 
DMEM growth medium and a group of MCF-7 cells that 
was incubated with DOX (10 μM). 

Insulin-treated cells group contained MCF-7 cells which 
were treated with insulin. This group contained a control 
group which was cultured in 200 μl complete DMEM 
growth medium supplemented with 10 nM insulin, and 
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a group of insulin-pretreated MCF-7 cells that were 
incubated with DOX (10 μM) for 24 hours.

Western blot analysis
Changes in the expression of caspases could significantly 

affect resistance to chemotherapy drugs (24, 25). In our 
study, we assessed the activated caspase-3 (as executive 
caspases) and IR protein expression, by western blotting.

MCF-7 cells were lysed and homogenized in ice-cold 
buffer containing 10 mM Tris-HCl (pH=7.4), 0.1% 
sodium dodecyl sulfate (SDS), 1 mM EDTA, 0.1% Na-
deoxycholate, 1% NP-40 with protease inhibitors (1 mM 
phenylmethylsulfonyl fluoride, 2.5 μg/ml leupeptin, and 
10 μg/ml aprotinin), and 1 mM sodium orthovanadate. 
The total proteins were extracted by centrifugation 
at 14,000×g for 15 minutes at 4˚C. Equal amounts of 
proteins (40 μg) were fractionated by sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (9% SDS-
PAGE) and transferred to polyvinylidenedifluoride 
(PVDF) membrane (Roche Co, Germany). After blocking 
at room temperature for 1 hour, the membranes were 
immunostained with primary antibodies against human IR 
(dilution, 1:1,000; sc-711; Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA) and cleaved caspase-3 (1:1000 dilution, 
cell signaling, USA) at 4˚C, overnight. After washing, the 
membranes were incubated with matched horseradish 
peroxidase-conjugated secondary antibodies (1:10,000; 
Santa Cruz Biotechnology, Inc.) at room temperature 
for 1 hour. Then, the blots were assessed using the ECL 
system and imaged by Chemi Doc XRS+ imaging system 
(Bio-Rad Company, USA). The intensity of the bands 
was determined by Lab Works analyzing software (UVP, 
UK). In our immunoblot experiments, β-actin (1:10,000) 
was used as the loading control. Immune detection was 
recorded using Chemi Doc XRS+ imaging system (Bio-
Rad Company, USA).

Statistical analysis
All tests were performed in triplicate and the data was 

analyzed using SPSS (version 20) software (IBM, New 
York, NY, USA). The results are presented as mean ± 
standard error of the mean. For evaluating the differences 
in mean values among experimental groups, one-way 
analysis of variance was performed and it was followed 
by the Tukey test. A P<0.05 was considered significant.

Results
The effects of doxorubicin on naive and insulin-treated 
MCF-7 cells viability

As shown in Figure 1, DOX had antitumor effects on 
MCF-7 cells in a dose-dependent manner. A significant 
effect was observed in the cells treated with 5 (P<0.05) 
and 10 μM (P<0.001) DOX (indicated as naive cells in 
Fig.1). Furthermore, to examine the effects of insulin 
treatment on doxorubicin-induced tumor cell death, 
distinct group of cells were pretreated with 10 nM insulin 
for 48 (Fig.1A) or 72 hours ( Fig.1B) and then, different 

doses of DOX were added for an additional 24 hours. Our 
data showed that insulin could induce DOX resistance in 
MCF-7 cells.

Fig.1: Effects of different concentrations of doxorubicin on naive and 
insulin-treated MCF-7 cells viability. The cells were pretreated with insulin 
10 nΜ and vehicle for A. 48 and B. 72 hours. Cell viability was determined 
by MTT assay. Data is expressed as mean ± SEM (n=6 wells for each group). 

*; P<0.05, ***; P<0.001 are significantly different versus the control group, ##; 

P<0.01, and ###; P<0.001 are significantly different versus naive cells at the 
same dose of doxorubicin. 

MiR-221 expression in naive and insulin-treated cells 
To investigate the changes in miR-221 expression 

following the development of DOX resistance, the 
expression level of miR-221 was evaluated by qRT-
PCR. As shown in Figure 2, miR-221 expression was 
up-regulated in insulin-treated MCF-7 cells. DOX could 
significantly decrease miR-221 levels in naive and insulin-
treated cells. However, in the presence of doxorubicin, the 
data showed that the level of miR-221 in insulin-pretreated 
cells was greater than those in naive cells (Fig.2, Table 1).

As indicated in Figures 1 and 2, MiR-221 expression 
was evaluated in different situations including control 
MCF-7 naive cells, DOX- treated MCF-7 naive cells, 
insulin-treated MCF-7 cells and insulin + DOX-treated 
MCF-7 cells.

A

B
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Fig.2: The effects of insulin treatment on miR-221 expression in naive 
(control) and insulin-pretreated MCF-7 cells in the presence of doxorubicin 
(10 μM) or vehicle. **; P<0.01 is significantly different versus control 
group, +; P<0.05, +++; P<0.001 are significantly different versus control 
naive cells, and ##; P<0.01 is significantly different versus doxorubicin-
treated naive cells. The data was analyzed by 2-ΔΔCt. 

Table 1: Expression of miR-221 in naive (control) and insulin-pretreated 
MCF-7 cells in the presence of doxorubicin (10 μM) or vehicle

naive cell Insulin-treated cell

Control Doxorubicin Insulin Doxorubicin+Insulin 

1 0.17 ± 0.03 2.6 ± 0.37 1.71 ± 0.07

The expression level of caspase-3 protein in naive and 
insulin-treated MCF-7 cells

The expression level of activated caspase-3 protein was 
investigated by Western blotting in naive and insulin-
treated MCF-7 cells. The data showed that incubation with 
10 μM DOX could significantly increase caspase-3 band 
density in naive cells. However, in the presence of insulin, 
the expression of caspase-3 was reduced in comparison 
with the naive cells (Fig.3A, B).

The expression level of insulin receptor (subunit β) 
protein in naive and insulin-treated MCF-7 cells 

To examine the contribution of changes in IR protein 
density, Western blotting was used to evaluate the level of 
expression of IR in naive and insulin-treated MCF-7 cells. 
The results showed that treatment with 10 nM insulin 
could significantly increase IR band density (Fig.3A, C).

Fig.3: The effects of insulin treatment on caspase-3 and insulin receptor 
protein levels in naive (control) and insulin-pretreated MCF-7 cells in 
the presence of doxorubicin (10 μM) or vehicle. A. Protein bands were 
detected by Western blot analysis. B. Ratio of caspase-3 to β-actin level. 
C. Ratio of insulin receptor to β-actin level. β-actin was used as an internal 
control. Each value in the graph represents mean ± SEM band density ratio 
for each group. ***; P<0.001 is significantly different versus control group, 
+++; P<0.001 is significantly different versus control naive cells, ###; 
P<0.001 is significantly different versus doxorubicin-treated naive cells, +; 
P<0.05 is significantly different versus the control naive cells, ##; P<0.01 
is significantly different versus the doxorubicin (DOX)-treated naive cells, 
Cont; Control, Dox; Doxorubicin, and Ins; Insulin.

Discussion
Drug resistance especially to DOX (a commonly used 

drug), is a major obstacle for breast cancer chemotherapy. 
Different genes were found to be associated with DOX 
resistance. Reduced expression of cyclin D2, cyclin B1 
and p-ERK1 were shown to cause DOX resistance in breast 
cancer cell lines (26). Furthermore, decreased expression 
of miR-298 was found to be significantly correlated with 
DOX resistance in MDA-MB-231 cells (27). 

The results of this study clearly showed that insulin can 

B

C

A
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cause DOX resistance in MCF-7 breast cancer cell lines. The 
data suggested that induction of DOX resistance by insulin 
might be through i. Overexpression of miR-221, ii. Increases 
in the expression of IR, and iii. Down regulation of caspase-3. 

In several studies, a significant association between 
the risk of cancer and use of exogenous insulin or up 
regulation of IR was reported (28). Furthermore, it was 
shown that insulin can cause drug resistance in different 
types of cancer (29). However, the detailed mechanism 
(s) has not been fully clarified.

In this study, the data showed that insulin treatment can 
lead to DOX resistance. Previous studies showed that breast 
cancer cells were not able to reduce IR sensitivity in the 
presence of high doses of insulin (30). The overexpression 
of IR in insulin-treated MCF-7 cells resulted in an increase 
in insulin signal transduction. It was documented that 
insulin through its tyrosine kinase receptor, can control 
proliferation, differentiation, and survival of cells via two 
signaling pathways including PI3K/AKT and Ras-MAPK 
(5).

Different studies demonstrated that increased activity of 
PI3K/AKT pathway is associated with cancer progression, 
invasion, epithelial-mesenchymal transition and resistance 
to anti-cancer drugs (28-30). PI3K/AKT signaling pathway 
is a complex signaling network that can regulate several 
proteins by multiple mechanisms of regulation. For example, 
PI3K/AKT activation can phosphorylate glycogen synthase 
kinase 3 β (GSK-3β), which suppresses GSK-3β (31). This 
process leads to stabilization of nuclear β-catenin followed 
by transactivation of slug transcription factor (32). Recent 
studies showed that slug, a repressor of E-cadherin, has an 
important role in the epithelial-mesenchymal transition in 
cancer cells (33). It was reported that miR-221 expression 
is related to slug as a transcription factor (34) suggesting 
that over expression of miR-221 in insulin-treated MCF-7 
cells may partially result from slug over expression which 
was induced by the activation of PI3K/AKT signaling. As 
these studies showed, slug transcription factor silencing by 
siRNA against slug could significantly decrease miR-221 
expression. This finding may lead to the development of 
therapeutic strategies for overcoming insulin-induced drug 
resistance in breast cancer. 

Recently, several studies indicated that miR-221 has an 
important role in repressing the expression of caspase-3 
as its target gene (24, 25). Moreover, it was indicated that 
p53, as a tumor suppressor, could play a critical role in 
tumor cells apoptosis (35, 36) and its activation is one of the 
important mechanism of antitumor drugs (37, 38). It was 
demonstrated that DOX induced apoptosis in MCF-7 cells 
through p53 activation followed by caspase-3 activation 
and DNA fragmentation (39). Using the MTT assay, we 
found that DOX reduced viability of naive MCF-7 cells. 
On the other hand, insulin pretreatment before DOX 
incubation, could increase viability of MCF-7 cells in 
comparison with naive DOX-treated cells, and therefore, 
caused DOX resistance. Our results, as confirmed by 
Western blotting assay, showed that caspase-3 expression 

level increased under DOX treatment in naive cells, and 
its expression level decreased after insulin treatment. This 
suggested that miR-221 overexpression through insulin 
treatment could led to caspase-3 down regulation.  In a 
collaborative project with Dr. Haddadi, in Department 
of Biology, Shahid Bahonar University of Kerman, the 
expression of protein levels of Bax and Bcl-2 is under 
investigation (personal communication, unpublished 
data). Their preliminary data indicated that insulin 
induced drug resistance by increasing Bcl-2/Bax ratio and 
prevention of apoptosis in MCF7 cells.

Taken together, the present data suggested that insulin 
could induce DOX resistance in breast cancer cells. This 
happens through, at least in part, miR-221 overexpression 
as one of the key regulator of both PI3K/AKT, and 
Ras-MAPK in insulin signaling pathway followed by 
caspase-3 down regulation. Meanwhile, it would be 
interesting to investigate, in a new study, the expression 
of other molecules involved in this signaling pathway. 
Our observations could help clarifying one of the possible 
mechanisms of insulin-induced drug resistance in MCF-
7 as a well-known breast cancer cell line.  Nevertheless, 
performing the experiments in other cells would be part of 
our future projects to elucidate the mechanisms by which 
insulin affects breast cancer drug resistance. 

Conclusion
In the present work, the expression of miR-221 in 

insulin-treated MCF-7 cells in response to anti-cancer 
drug DOX was investigated. Furthermore, the expression 
of cleaved caspase-3 protein and IR was examined. The 
main findings of this research could be summarized as 
follows: i. In the presence of DOX, the miR-221 expression 
level in insulin-pretreated cells was greater than those 
in naive cells, ii. DOX incubation could significantly 
increase caspase-3 band density in naive cells. However, 
in the presence of insulin, the expression of caspase-3 was 
reduced in comparison with the naive cells, and iii. Insulin 
treatment could significantly increase IR band density in 
insulin-treated cells.
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Abstract
Objective: To evaluate the effect of contrast enhanced abdominopelvic magnetic resonance imaging (MRI), using a 3 Tesla 
scanner, on expression and methylation level of ATM and AKT genes in human peripheral blood lymphocytes.

Materials and Methods: In this prospective in vivo study, blood samples were obtained from 20 volunteer patients with mean 
age of 43 ± 8 years (range 32-68 years) before contrast enhanced MRI, 2 hours and 24 hours after contrast enhanced abdominopelvic 
3 Tesla MRI. After separation of mononuclear cells from peripheral blood, using Ficoll-Hypaque, we analyzed gene expression 
changes of ATM and AKT genes 2 hours and 24 hours after MRI using quantitative reverse transcription polymerase chain reaction 
(qRT-PCR). We also evaluated methylation percentage of the above mentioned genes in before, 2 hours and 24 hours after MRI, 
using MethySYBR method. 

Results: Fold change analysis, in comparison with the baseline, respectively showed 1.1 ± 0.7 and 0.8 ± 0.5 mean of gene 
expressions in 2 and 24 hours after MRI for ATM, while the results were 1.4 ± 0.6 and 1.4 ± 1 for AKT (P>0.05). Methylation of 
the ATM gene promoter were 8.8 ± 1.5%, 9 ± 0.6% and 9 ± 0.8% in before contrast enhanced MRI, 2 and 24 hours after contrast 
enhanced MRI, respectively (P>0.05). Methylation of AKT gene promoter in before contrast enhanced MRI, 2 hours and 24 hours 
after contrast enhanced MRI was 5.4 ± 2.5, 5 ± 3.2, 4.9 ± 2.9 respectively (P>0.05).

Conclusion: Contrast enhanced abdominopelvic MRI using 3 Tesla scanner apparently has no negative effect on the expression 
and promoter methylation level of ATM and AKT genes involved in the repair pathways of genome.
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Introduction

Magnetic resonance imaging (MRI) is a powerful and 
relatively safe diagnostic imaging modality, commonly 
used to visualize internal organs of the human body. In 
comparison with computed tomography (CT) scan, using 
static and gradient field combined with radiofrequency 
(RF), MRI provides higher contrast among the different 
body tissues such as brain, abdominopelvic and 
cardiovascular system (1).

Although it is proved that ionizing radiation, such as 
X-rays or γ-radiation, may cause DNA damage, there 
are unresolved questions about health risks due to non-
ionizing radiation (2). The increased exposure to non-
ionizing radiation from wireless communication devices, 
power lines and MRI caused new safety concerns (3). 

Due to the high number of MRI scans performed in 
the world and the usage of high-field machines operating 
at high magnet field levels, any evidence of possible 
genotoxic effects of MRI needs meticulous consideration.

There are contradictory results about the genetic 
damage of MRI on human blood cells of individuals 
exposed to different fields of MRI. While some articles 

mentioned enhanced DNA damage in human lymphocytes 
after MRI (4-8), others did not approve these findings (1, 
9-16). Besides, radiocontrast agents which are frequently 
used in diagnostic radiology as well as MRI may cause 
genotoxicity (17-19). In the studies reporting DNA 
damage after MRI, the most important finding is DNA-
double strand break (DNA-DSB). Knowledge is now 
incomplete about cytotoxicity due to the complex way 
of response to genotoxins by evoking cellular processes 
that may finally lead to DNA repair, damage fixation as 
mutations or damage removal by different routes of cell 
death (20, 21). 

Many studies showed gene up-regulations involved 
in signal transduction process, cell cycle, DNA repair 
and apoptosis after radiation exposure in different cells 
(22, 23).

It seems that AKT activation is an important event in the 
induction of radiocontrast agent mediating side effects and 
inhibition of AKT activity impairs repair of DNA-DSB 
(24). As a large number of MRI examinations reperformed 
by contrast media and due to the effect of some contrast 
agents on AKT expression we have considered this repair 
gene to evaluate the safety of contrast enhanced MRI.
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Besides, Ataxia telangiectasia mutated (ATM) gene 
encodes a serine threonine protein kinase activated by 
sensing DNA-DSB (25).

DSB induced by irradiation, leads to activation and 
phosphorylation of ATM, cell-cycle checkpoints and DNA 
repair proteins. Besides, X-irradiation can induce up-
regulation of ATM gene expression in lymphoblastoid cell 
lines (26). Halm et al. (27) found that CT scan exposure can 
alter ATM gene expression. One important note about tumor 
suppressor genes is that they can be inactivated by their 
promoter methylation and many environmental factors can 
change DNA methylation patterns of human cells (25).

To the best of our knowledge, there are limited studies 
about the effect of ionizing radiation on gene expression 
and DNA methylation. In addition, there is no study about 
the effect of MRI on gene expression and methylation. 

In this study, we aimed to assess the effect of contrast 
enhanced abdominopelvic MRI using a 3 Tesla scanner 
on expression and methylation level of ATM and AKT 
genes in human peripheral blood lymphocytes.

Materials and Methods
Written informed consent was obtained from all 

patients. The study was performed in accordance with 
the Declaration of Helsinki and approved by Ethics 
Committee of Tarbiat Modares University (Tehran, 
Iran, IR.TMU.REC.1396.585). Patients with a history 
of malignancy, inflammatory or autoimmune diseases, 
receiving any chemo- or radio-therapy, being smoker and 
performed medical imaging during the last three months 
were excluded from the study.

In this prospective in vivo study, twenty volunteer patients 
(15 women and 5 men) referred for abdominopelvic MRI to 
the imaging center, contributed to this study. The mean age of 
our studied cases was 43 ± 8 years (range: 32-68 years). The 
mean body weight of our patients was 66.5 ± 13.5 kilogram 
(range: 45-90) and their mean height was 162.4 ± 6.6 
centimeter (range: 150-175). Final diagnosis of our patients 
was uterine fibroids in five, ovarian simple cyst in three 
and liver hemangioma in three cases while nine cases were 
normal. Sample size was calculated for comparison of two 
means, considering that type I and II statistical errors were 

0.05 and 0.2. All parameters of the formula were extracted 
from the study performed by Lee et al. (5).

Contrast enhanced abdominopelvic MRI was performed 
by 3 Tesla MRI machine (Discovery, USA) equipped with 
a maximum gradient strength amplitude per axis of 50 
mT/m and a maximum slew rate per axis of 200 T/m/sec. 
Pelvic MRI standard sequences were sagittal and coronal 
T2 fast spin-echo (FSE), axial T2, T2 fat suppression and 
T1 FSE, axial multi b-value diffusion-weighted imaging 
(DWI) 50, 400 and 800 seconds/mm2, coronal, sagittal 
and axial T1 FSE FS post contrast injection. The abdomen 
MRI protocol included coronal and axial T2 single-shot 
FSE (SSFSE), axial fast imaging employing steady-state 
acquisition (FIESTA) and 3D T1 GE FS liver acquisition 
with volume acceleration (LAVA), axial multi b-value DWI 
50, 500 and 1000 seconds/mm2, coronal and axial post-IV 
GBCA 3D T1 LAVA FS sequences. Gadoterate meglumine 
(Dotarem, Guerbet, France, 0.2 mL/kg, 0.1 mmol/kg) was 
administrated using injector. Using antecubital vein, 5 ml of 
peripheral blood were drawn from each patient before MRI, 
2 hours and 24 hours after MRI. 

Blood samples were collected in ethylenediaminetetraacetic 
acid (EDTA) for the separation of mononuclear cells from 
whole blood using Ficoll-Hypaque (Lymphodex, Germany). 

Evaluating expression of ATM and AKT genes 
To analyze mRNA expression, we extracted RNA from 

peripheral blood mononuclear cells (PBMCs) using a total 
RNA extraction kit (Yekta Tajhiz Azma, Iran) based on the 
manufacturer’s protocol. We quantified concentration of 
RNA using a NanoDrop (IMPLEN, Germany) and the purity 
of RNA was evaluated by the 260/280 nanometer absorbance 
ratio. After RNA extraction, complementary DNA (cDNA) 
was synthesized by using a synthesis kit based on the 
manufacturer’s protocol. Human β-Actin (ACTB) gene was 
applied as internal control to normalize input RNA amount, 
reverse transcription efficiency and RNA quality.

mRNA levels of target genes, including ATM, AKT, as 
well as housekeeping gene (ACTB) were measured by semi-
quantitative reverse transcription polymerase chain reaction 
(PCR) using SYBR Green detection kit (Biofact, South 
Korea). Primers of the targeted genes are shown in Table 1. 

Table 1: Primer sequences of the target genes to evaluate gene expression

TM (˚C)Size (bp)Primer sequence (5ˊ-3ˊ)Gene

62.122F: GCCTGATTCGAGATCCTGAAACATM 

61.321R: GGCTTGTGTTGAGGCTGATAC

60.520F: AAGAAGCTCCTGCCACCCTTAKT 

6422R: CAGTAAGCCCAGGCTGTCATAG

53.918F: TGGATGATGATATCGCCGBETA ACTIN 

58.418R: CACGATGGAGGGGAAGAC

TM; Melting temperature.
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Duplicate repeat was performed for each sample in 
a StepOnePlus™ Real-Time PCR System (Applied 
Biosystems, USA). The temperatures set was one cycle 
of 95˚C (pre-denaturation) for 10 minutes followed by 40 
cycles including 15 seconds of denaturation at 95˚C, 30 
seconds of annealing at 60˚C, and 10 seconds of extension 
at 72˚C. 

LinReg software was used for calculation of the PCR 
efficiency and the relative expression of genes was 
measured according to the method previously reported by 
Pfaffl and his colleagues (28). 

Evaluating methylation of ATM and AKT genes 
promoter

Genomic DNA was isolated from PBMCs using a 
DNA extraction Kit (Yekta Tajhiz Azma, Iran) based 
on the manufacturer’s protocol. We assessed the quality 
of DNA by utilizing an absorbance ratio of 260 nm to 
280 nm (A260/A280) by a NanoDrop. We considered the 
samples with the absorbance ratio of 1.8-2.0 as good 
quality. Sodium bisulfite treatment of genomic DNA 
was done using the protocol described by Herman et al. 
(29) with modifications, as reported previously. Sodium 
bisulfite treatment changes unmethylated cytosine to 
uracil, whereas methylated cytosines exist unchanged.                                                                                                                                  
After bisulfite treatment, we aliquoted DNA samples 
at 80˚C. In this study, we used one-step MethySYBR 
method to calculate methylation quantitatively. By 
this method, bisulfite modified DNA was amplified in 
two concurrent real-time PCR reaction. The primers 
applied for MethySYBR are presented in Table 2. 

In the first reaction, DNA was amplified, regardless 
of the methylation status and it was used as reference 
control for normalization of the methylated alleles in 
the second reaction. In this method, fully methylated 
DNA is used as a calibrator to measure the methylation 
percentage.

PCR conditions for ATM methylation were 95˚C 
for 10 minutes, followed by 40 cycles of 95˚C for 15 
seconds, 58˚C for 30 seconds and 72˚C for 10 seconds. 
PCR conditions for AKT methylation were 95˚C for 
10 minutes, thereafter followed by 40 cycles of 95˚C 
for 15 seconds, 57˚C for 30 seconds and 72˚C for 10 
seconds.                                                                                                                                          

The cycle threshold (Ct) value of amplified DNA was 
retrieved from the Ct of amplified methylated DNA to 
acquire the sample’s and calibrator’s ΔCt values. For 
calculation of methylation percent of each sample, 
fully methylated ΔCt was retrieved from the sample 
ΔCt to acquire ΔΔCt value, which is then applied into 
the 2(−ΔΔCt) formula, and multiplied by 100 to show the 
methylation percentage of samples.

Statistical analysis

Statistical analyses were performed by SPSS 
version 16 (SPSS Inc., USA). For normal distributed 
variables, we used parametric tests (repeated measure 
ANOVA or paired t test) for comparison of the groups. 
If variables did not show normal distribution or if data 
were ordinal, we would use non-parametric tests. We 
considered P<0.05 as statistically significant.

Table 2: Primer sequences to evaluate methylation in the target genes

TM (˚C)Size (bp)Primer sequence (5ˊ-3ˊ)Primer

55.824F: GTTTTGGAGTTTGAGTTGAAGGGTATM-Methylated 

55.122R: AACTACCTACTCCCACTTCCAA

50.918F: GAGGGTGGGTGAGAGTTTATM-Outer 

5417R: CCCCTACCACTACACTC

57.518F: GGGTGTTTTTGCGGGTCGAKT-Methylated 

56.419R: CGACCGCGACGAATCTTTC

52.417F: GGTTTGGAGTTGGGGTTAKT-Outer 

54.224R: AAACCCTCCCACAAACTTAAAAAC

TM; Melting temperature.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2729837/table/tbl1/
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Results
Results of gene expression

No statistically significant change was seen in 
expression of ATM and AKT genes of the cases after 
contrast enhanced MRI.  Mean of gene expressions were 
1.1 ± 0.7 and 0.8 ± 0.5 fold change in 2 and 24 hours after 
contrast enhanced MRI for ATM gene (P>0.05, based on 
paired t test, Fig.1). The results for AKT showed that the 
mean of gene expressions were 1.4 ± 0.6 and 1.4 ± 1 fold 
change in 2 and 24 hours after contrast enhanced MRI 
(P>0.05, based on paired t test, Fig.2).

Fig.1: Relative expression (fold change) of mRNA transcripts for ATM gene 
in 20 cases before (Pre), 2 and 24 hours after magnetic resonance imaging 
(MRI). Error bars represent standard error (SE). 

Fig.2: Relative expression (fold change) of mRNA transcripts for AKT gene 
in 20 cases before (Pre), 2 and 24 hours after magnetic resonance imaging 
(MRI). Error bars represent standard error (SE). 

Results of methylation
There was not statistically significant change in the 

methylation percent of ATM gene after contrast enhanced 
MRI. Methylation percent of the ATM gene promoter 
were 8.8 ± 1.5%, 9 ± 0.6% and 9 ± 0.8% in respectively 
before contrast enhanced MRI, 2 hours and 24 hours 
after contrast enhanced MRI (P>0.05, based on repeated 
measure ANOVA, Fig.3).

Fig.3: Methylation level of ATM gene in 20 cases before, 2 hours and 24 
hours after contrast enhanced magnetic resonance imaging (MRI). Error 
bars represent standard error (SE). 

Methylation percent of AKT gene promoter in before, 
2 hours and 24 hours after contrast enhanced MRI was 
respectively 5.4 ± 2.5, 5 ± 3.2, 4.9 ± 2.9 showing no 
statistically significant change in DNA methylation 
(P>0.05, based on repeated measure ANOVA, Fig.4).

Fig.4: Methylation level of AKT gene in 20 cases before, 2 hours and 24 
hours after contrast enhanced magnetic resonance imaging (MRI). Error 
bars represent standard error (SE). 

Discussion
MRI is a non-invasive diagnostic modality in comparison 

with the other imaging scanners, such as X-ray or CT 
scan, which have ionizing radiation hazards. However, 
there are some concerns about the possible MRI risks in 
recent years which have not been clarified yet. 

Despite the ionizing radiation causes DNA damage 
even at low dosages, energy levels of electromagnetic 
fields (EMF) applied in MRI are not enough for direct 
breakage of chemical bonds (30). Besides, we cannot 
exclude the indirect harmful effects of EMF on DNA 
integrity. Creation of oxidative stress during MRI might 
be one possible cause of DNA damage (30, 31). 

After careful search, we found that there are only14 
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research articles about genotoxic effects of MRI in the 
literature. The above mentioned studies have a lot of 
diversity in field strengths (1.5-7 Tesla), exposure factors 
and genotoxicity evaluation methods. Besides, there is no 
confirmed hypothesis to explain the possible mechanisms 
of the molecules significantly affecting this event. Among 
these reports, five articles mentioned an increase in DSB 
detected by ƔH2AX, enhanced number of micronuclei 
or increase of comet formation with alkaline single-cell 
gel electrophoresis (4-8). In contrast, nine studies did not 
detect any genotoxic effects after MRI using 1.5-7 Tesla 
machines (1, 9-16).

In our prospective in vivo study, we investigated 3 
Tesla MRI and the applied MRI sequences were taken 
from contrast enhanced abdominopelvic protocols used 
in our routine clinical examinations. To the best of 
our knowledge, there is no other study in the literature 
about the evaluation of possible epigenetic changes after 
abdominopelvic MRI. Our results indicated that MRI has 
not adverse effects on the gene expression and methylation 
of AKT and ATM genes.

Similar to our study, Brand et al. (1) used Dotarem for 
contrast enhanced cardiac MRI using 1.5 Tesla scanner 
and they did not find immediate increase in DNA 
damage of human lymphocytes. A different contrast 
media (Gadobutrol) was used in Fiechter et al. (7) 
study for MRI on 1.5 Tesla scanner by using ƔH2AX 
immunofluorescence microscopy and they showed a 
significant increase of DSB. Reddig et al. (12) also used 
Gadobutrol for evaluation of H2AX foci formation in 
patients underwent MRI. They found no evidence of 
DNA damage after MRI with different magnetic fields 
(1-7 Tesla).

In the other study performed by Yildiz et al. (6), the 
authors reported that contrast enhanced MRI, using 
Omniscan, was associated with an immediate increase 
in single-strand DNA breakage. Although studies 
reported that DNA damage may occur in peripheral blood 
lymphocytes during MRI,  the concern was expressed 
since only a single marker was evaluated and downstream 
consequences have not been evaluated.

All of the mentioned articles have examined the 
cytotoxic effects of MRI. The only study evaluating the 
effects of MRI on DNA repair genes has been performed 
by McDonald et al. (32), in which the authors found a 
small significant increase in the DNA repair protein 
53BP1 after MRI.

Considering that DNA damage factors engage repair 
proteins, such as ATM or DNA-PK (32), evaluation of 
changes in downstream DNA repair factors might be 
considered as additional markers for the evaluation of the 
effects of MRI on DNA. 

ATM gene produces a protein kinase playing important 
role in triggering proper cellular response to DNA damage 
(33) and similar to the other tumor suppressor genes, 
promoter methylation is the main epigenetic mechanism 

which can prevent ATM transcription (25).
Previous studies showed ATM expression changes 1 

hour after CT scan from very low radiation dosages, as 
low as 0.1 Gy (27).

Owing to the results of one study suggesting that 
extremely low-frequency EFM (ELF-EMF) exposure 
can induce modification in methylation and expression of 
DNMTs, epigenetic may have vital role in the biological 
effects of magnetic exposure (34).

Indeed, AKT gene has fundamental role in the 
cytotoxicity effect of radiocontrast media (RCM) (35).

RCM can influence intracellular signaling pathways 
and can affect PI3K/Akt pathway via suppressing AKT 
phosphorylation and downstream targets (35, 36). Our 
study has some limitations need to be mentioned. Firstly, 
only one contrast media (Dotarem) was studied in our 
research and we should examine the other contrast agents 
of MRI. Secondly, we examined only two genes. Using 
microarray and whole genome methylation assessments, 
other complementary studies composed of panels of whole 
genes involved in repair and apoptosis are recommended.

Conclusion 
Contrast enhanced abdominopelvic MRI using 3 Tesla 

scanner has apparently no negative effect on the expression 
and promoter methylation levels of two genes involved 
in the repair pathways of the genome, namely ATM and 
AKT. Finally, our results should be interpreted cautiously, 
since it might not indicate exact evidence whether MRI is 
safe and it has no adverse effect on DNA. Complementary 
studies, including evaluation of the other DNA damage 
and repair markers as well as whole genome methylation, 
are necessary to understand the MRI safety. 
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Abstract
Objective: Hemophilia-A is a common genetic abnormality resulted from decreased or lack of factor VIII (FVIII) pro-coagulant 
protein function caused by mutations in the F8 gene. Majority of molecular studies consider screening of mutations and their 
relevant impacts on the quality and expression levels of FVIII. Interestingly, some of the functions in FVIII suggest a probable 
involvement of small non-coding RNAs embedded within the sequence of F8 gene. Therefore, microRNAs which are encoded 
within the F8 gene might have a role in hemophilia development. In this study, miRNAs production in the  F8 gene was investigated 
by bioinformatics prediction and experimental validation.
Materials and Methods: In this experimental study, bioinformatics tools have been utilized to seek the novel microRNAs 
inserted within human F8 gene. The ability to express new microRNAs in F8 locus was studied through reliable bioinformatics 
databases such as SSCProfiler, RNA fold, miREval, miR-FIND, UCSC genome browser and miRBase. Then, expression and 
processing of the predicted microRNAs were examined based on bioinformatics methods, in the HEK293 cell lines.
Results: We are unable to confirm existence of the considered mature microRNAs in the transfected cells.
Conclusion: We hope that through changing experimental conditions, designing new primers or altering cell lines as well as the 
expression of vectors, exogenous and endogenous expressions of the predicted miRNA will be confirmed. 
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Introduction
Hemophilia-A is a heterogeneous deficiency in blood 

coagulation factor VIII (FVIII), which causes increased 
bleeding and this occurs approximately 1 in almost 5000-
10000 male births. This involves problems originated 
from easy bruising as well as muscle and joint bleeds.

Almost, it is inherited as an X-linked recessive trait and 
classified into mild (>5% of normal level), moderate (1-
5% of normal level) or severe (<1% of normal level) on 
the basis of circulating levels of clotting FVIII. Plasma 
concentration of factor VIII is  approximately 200 ng/ml 
and its biological half-life is nearly 12 hours (1).

FVIII is an essential plasma protein for blood 
coagulation that is bound to a von willebrand factor and 
circulates in the blood stream in an inactive form. FVIII is 
activated (FVIIIa) in response to injury and separates from 
von willebrand factor. Subsequently, activated FVIIIa 
interacts with FIX which is another coagulation factor. 
This interaction forms a blood clot with setting off a chain 
of additional chemical reactions. FVIII is encoded by the 
F8 gene with 186 kb length located on Xq28 chromosome. 
It contains 26 exons and has two variant transcripts called 
"isoform a" and "isoform b". Many mutations are reported 
all over the F8 gene. Inversions especially in the introns 1 
and 22 are involved in 50% of total mutations and 1-4% 

of severe hemophilia-A patients, respectively. In addition, 
severe hemophilia-A have been reported from more than 
120 large deletions (>50 bp) (1, 2). Other mutations in the 
F8 gene include nonsense and missense mutations (point 
mutations), as well as small deletions and insertions that 
are diffused in all 26 exonic regions.

Up to now, about 1000 specific mutations with various 
types of origin have been collected from the global 
hemophilia database (HAMSTeRs) (3). In the past 
decade, non-coding RNAs (ncRNAs) were one of the 
most available biological findings.

microRNAs (miRNAs) are endogenous single-
stranded ncRNAs with 18-25 nucleotides-long that 
mediate transcriptional and post-transcriptional control 
of the target gene expressions, as a part of complex gene 
regulatory networks and they are able to regulate some 
biological pathways (4). 

miRNAs can be found in various genomic regions 
including, introns of coding genes and 3ˊ un-translated 
region (3ˊ UTR) of coding genes (5), in addition to introns 
and exons of non-coding genes (6).

In most mammalian, RNA polymerase II transcribes 
miRNA genes (pri-miRNA), and their characteristics are 
the same as protein coding transcripts: a poly (A) tail, exons 
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and a 5ˊ cap (7). The pri-miRNA, is rapidly trimmed into 
pre-miRNA precursor with about 70 nucleotides-long (8). 
The pre-miRNA is afterward transferred to the cytoplasm 
and was further accomplished to its mature shape, placed 
either at 5ˊ or 3ˊ side of the stem loop (9, 10).

In mammalian cells, mature miRNA mostly act via 
completing binding to 3ˊ-UTR of its target genes with 
its seed sequence. This leads to mRNA degradation or 
protein translation inhibition (11). To date, in miRBase 
database (http://www.mirbase.org/), more than 2000 
human miRNAs have been published (12). In the human 
genome, approximately 55000 miRNA genes are expected 
to be present (13). Identification of novel miRNAs by 
numerous bioinformatics tools have been developed to be 
fast, effective and cheap (14, 15). 

A prosperous way to recognize miRNA genes in different 
plants and animals like human, mouse, Drosophila, C. 
elegans and others is using the bioinformatics approaches 
(16). The software is designed based on phylogenetic 
diversity and conservation, secondary structure information, 
thermodynamic parameters, stability of hairpin, sequence 
conservation in various species, sequence special parameters,  
similarity to the famous miRNAs and genomic position of the 
candidate sequences associated to the famous miRNAs (17-
19). Since hemophilia-A is a single-gene hereditary disorder, 
we decided to select F8 gene for our genomic analysis. 

Here, in order to look for hairpin structures within the 
human F8 gene, bioinformatics tools were utilized.  

The whole suitable bioinformatics characteristics for 
producing a real miRNA exist in two of the predicted stem 
loops. These conserved stem loops were experimentally 
investigated. In the present study, bioinformatics prediction 
and experimental validation for miRNAs detection in the  F8 
gene was analyzed.

Materials and Methods
Bioinformatics tools for prediction of miRNAs

RNA fold algorithm (http://rna.tbi.univie.ac.at/cgi-bin/
RNAfold.cgi), miREval (http://mimirna.centenary.org.au/
mireval/.) and SSC profiler programs (http://mirna.imbb.
forth.gr/SSCprofiler.html) were employed to seek the 
probable hairpin structures in the area of interest. Target 
secondary structures dependent function of Drosha and Dicer 
enzymes, which have crucial roles in miRNAs biogenesis, 
inclined us to use the miR-FIND (http://140.120.14.132:8080/
MicroRNAProject-Web/). Conservation of the predicted 
miRNAs was examined using UCSC database (http://genome.
ucsc.edu/), along with blat search for many organisms such 
as human genome. Furthermore, mature miRNAs in the 
candidate sequences were predicted by SSCprofiler. Using 
miRBase, similarity of our sequences was searched between 
24,521 miRNAs loci from 206 species. This study approved 
by Research Assistant, University of Isfahan.

DNA preparation
Hemophilia-A is a monogenic disorder and a defect in 

the F8 gene resulting in this disease manifestation. On 
the other hand, most miRNAs directly affect and target 
their productive genes. Therefore, in order to predict 
the miRNAs involved in the control and regulation of 
hemophilia-A, F8 gene was examined and analyzed only 
in healthy subjects.

Genomic DNA template was extracted from the person 
whole blood referring to Isfahan University Health Center 
(by receiving consent) according to Miller protocol (20). 
Based on bioinformatics studies, two candidate regions 
in F8 gene were identified (we briefly refer them to can-
miR-1 and can-miR-2, in this article).

These regions have ability to express the hairpin structure 
sequences belonging to possible miRNA precursors. 
Polymerase chain reaction (PCR) was performed with 
primers designed by Oligo v.7 and PerlPrimer 
(can-miR-1-
R: 5´-TTGTGGAGATTGAGTTCTGACC-3´, 
F: 5´-TAGAGACTCCCTTACGTGACTG-3´, 
can-miR-2-
R: 5´-AGCCTCCAAGGTGCTGTATAT-3´,
F: 5´-CCTGCACTGAGCACTCATGAA-3´).

We used NCBI/Primer-BLAST to ensure that the primer 
sequences are unique. The thermocycler program for can-
miR-1 consisted of one cycle for 5 minutes at 94˚C, 35 
cycles for 30 seconds at 94˚C, 58˚C for 30 seconds and 
72˚C for 30 seconds, followed by one cycle for 10 minutes 
at 72˚C, and for can-miR-2 it was designed by one cycle 
for 5 minutes at 94˚C, 35 cycles for 30 seconds at 94˚C, 
62˚C for 30 seconds and 72˚C for 30 seconds, followed 
by one cycle for 10 minutes at 72˚C. Electrophoresis was 
performed in 1% agarose gel and the PCR products were 
analyzed in order to TA cloning (for double strand DNA); 
DNAs were purified and extracted using a GeNetBio 
Gel Extraction Kit (GeNetBio, Korea) (21). Segments 
into the TA vector pTZ57R/T (Thermo scientific, USA) 
were cloned into Escherichia coli strain TOP10 based on 
standard protocol transformed (22). The transformed cells 
were then plated on LB agar improved with x-Gal (20 mg/
ml) and ampicillin (75 mg/ml). Colonies were accidentally 
chosen and DNA was utilized in colony PCR as templates. 
Positive colonies (transformed Escherichia colis trains) 
were verified in terms of the existence of inserts direction. 
Plasmid isolation was carried out using GeNetBio Plasmid 
Extraction Kit (GeNetBio, Korea) (21).

Recombinant TA vectors were digested by KpnI and 
SacI (at 37˚C for 10 minutes) restriction enzymes and 
they inserted into pEGFP-C1 expression vectors (cutting 
with the same restriction enzymes) that are downstream 
of the GFP gene and carrying CMV promoter and KpnI/
SacI restriction sites. Competent cells of Escherichia 
coli DH5-α were transformed by pEGFP-C1 contain 
DNA carrying pre-miRNAs and finally colony PCR 
was performed for transformation validation and inserts 
direction. Additionally, the hairpin structure sequence, as 
scrambled control (23), was cloned into the pEGFP-C1 

http://www.mirbase.org/
http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
http://mimirna.centenary.org.au/mireval/
http://mimirna.centenary.org.au/mireval/
http://mirna.imbb.forth.gr/SSCprofiler.html
http://mirna.imbb.forth.gr/SSCprofiler.html
http://140.120.14.132:8080/MicroRNAProject-Web/
http://140.120.14.132:8080/MicroRNAProject-Web/
http://genome.ucsc.edu/
http://genome.ucsc.edu/
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vectors. As another negative control, the C1-mock (empty 
vector) was also utilized. For the reliability of correct 
inserts, all vectors were sequenced (Genfanavaran Co., 
Iran). 

Cell lines

HEK293 was cultured in DMEM-HG including 100 
U/ml penicillin, 100 µg/ml streptomycin and 10% fetal 
bovine serum (FBS) (all from Gibco, USA). After 
24 hours culture in separate flasks, transfection was 
performed according to the calcium-phosphate protocol 
(24). In the first flasks, HEK293 was transfected with 
the main samples, which were recombinant expression 
vectors with insert fragments containing predicted 
can-miR-1 and can-miR-2 precursors. In the second 
flasks, HEK293 was transfected with pEGFP-C1-
Scramble, which were recombinant expression vectors 
containing insert fragments (it should be noted that 
length of the insert fragments are approximately equal 
to the insert fragments in main vectors) and in the 
third flasks, HEK293 was transfected with pEGFP-C1 
empty vectors (C1-Mock) to control potential effect 
of transfection reagent on the cell. In the last flasks, 
HEK293 was performed without transfection steps, 
as a control, using a florescence microscope. Finally, 
fluorescence microscopy was used to confirm the cells 
transfection and GFP expression. 

RNA extraction and preparation

Total RNA was extracted from HEK293 cell lines using 
Trizol reagent based on the manufacturer’s protocol 
(Sigma, Germany) (25) and treated with RNAase-free 
DNaseI (Takara, Japan) for 30 minutes at 37ºC followed 
by heat inactivation for 10 minutes at 65ºC by adding 
Ethylenediaminetetraacetic acid (EDTA).

Purity and quality of RNAs were estimated by 
NanoDropND-1000 (NanoDropTech; Thermo scientific, 
USA). In order to confirm the integrity of RNAs, 2% 
agarose gel electrophoresis were performed.

Synthesis of cDNA

Universal  cDNA Synthesis Kit II (Exiqon, USA) 
(26) was utilized for cDNA synthesis using Oligo-
dT primers and Reverse Transcriptase which have 
a universal tag sequence at the the 5′ end. Besides, 
polyadenylation of the mature miRNAs were applied 
for their reverse transcription. To confirm the 
expression of mature miRNAs, each cDNA sample 
was amplified using PCR.

Thermocycler program included one cycle for 5 minutes 
at 94˚C, 38 cycles at 94˚C for 30 seconds, 60˚C for 30 
seconds and 72˚C for 30 seconds, followed by one cycle 
for 10 minutes at 72˚C. In addition, 13 and 14 primer 
sets for mature miRNAs of can-miR-1 and can-miR-2 
were respectively designed according to bioinformatics 

analysis. They were used as forward primer and the 
primer in the buffer of cDNA Synthesis Kit was used as 
reverse primer. Then, to check PCR products, the samples 
were run on 12% polyacrylamide gel.

Results	
Bioinformatics prediction of miRNAs

F8 gene involves in hemophilia-A and it was observed 
by reliable bioinformatics databases due to elicit candidate 
stem-loops that express miRNAs. For this purpose, 
comprehensive studies were carried out on the related data 
servers. Regarding the achieved results from data servers, 
two stem-loop structures servers, two stem-loop structures 
can-miR-1 with sequence: (5´-CTCACCCTGACTTATC 
TGTTTCACAGAGTCCACATCTGGCCAATGGGAA 
ACACACCTTTTGCTCAGAAAGACCCTGGGAATG 
TAGGTCAATCATAATGCAGTAG-3´) and

can-miR-2 with sequence: (5´-CCTCACCCTCTTGCT 
GCTCAGCTCCAGGTCGTCGTGGGTTCAGGGCTC 
AGCTGCACGCTCCTGCCCGCGCCCTGGGCGTGA 
TGGCACCCCCAGCCCCTGCCATT-3´)

were eventually qualified and recommended for further 
experimental confirmations.

Sequence, structure and conservation profiler web 
service

This web service identifies stem-loop structures and 
it assigns a hidden Markov model (HMM) score apiece 
determined by applying conservation along with structure 
features (Fig.1A).

RNA fold web server

The sequence of hairpin structures obtained from SSC 
profiler were imported to RNA fold web server for more 
detailed researches on their secondary structures and 
stabilities (Fig.1B). Calculated minimum free energies 
(MFE) for these structures are -26.80 Kcal/mol and -33.30  
Kcal/mol, respectively.

miREval
These sequences were also analyzed in miREval and the 

corresponding results are shown in Figure 1C.

miR-FIND

Processing sites for Drosha and Dicer ribonuclease 
enzymes, mature miRNA sequences and the seed regions 
were determined for our mentioned sequences in this 
miRNA predictor service (Table 1).

UCSC genome browser

Evolutionary conservation for the candidate sequences 
within 100 species, such as rhesus, mouse, dog, elephant 
and other vertebrates, were measured in the UCSC 
genome browser data server (Fig.1D).

http://www.abcam.com
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Table 1: Analyzed information in miR-Find

Sequence can-miR-1 can-miR-2

Mature-miRNA Drosha/ Dicer 
processing site

23/46 76/56 15/45 83/62

Mature-miRNA sequence 5´-ACAGAGUCCAC 
AUCCGGCCAAUGG-3´

5´-CUUUUGCUCAG 
AAAGACCCUG-3´

5´-UGCUCAGCUCCAGGU 
CGUCGUGGGUUCAGGG-3´

5´-UGCCCGCGCCCU 
GGGCGUGAUG-3´

Predict seed site 5´-CAGAGUC-3´ 5´-UUUUGCU-3´ 5´-GCUCAGC-3´ 5´-GCCCGCG-3´

Data corresponding to mature miRNA-5p and-3p are presented.

Fig.1: Prediction of pre-can-miR-1 and pre-can-miR-2 in the 1st and 18th introns of human F8 gene, respectively. A-1, A-2. Results of SSC profiler for can-
miR-1and can-miR-2. Hairpin structures containing a probable sequence of mature miR (Red) are shown, and HMM score related to the sestructures are 
shown in the tables. Furthermore, maximum expression (max-expression) according to a full genome tiling array in Hela cell line are presented for these 
sequences. B-1, B-2. Secondary structure results of can-miR-1 and can-miR-2 in RNA fold web server are depicted. C-1, C-2. About1000 bp are displayed 
around our inquiry sequences, as a circle graph by miREval. D-1, D-2. Conservation levels are shown with blue columns in UCSC genome browser.

C-2

A

A-1 A-2

B-1 B-2

C-1

D-1 D-2

MiRBase website
Ensuring non-registration within the previously identified 

miRNAs using miRBase was done for these sequences.

DNA preparation
After genomic DNA extraction from whole blood, the 

concentrations and purity of isolated DNA samples were 

determined by NanoDrop and the samples were loaded on 
1% agarose gel. 

The genomic regions containing a sequence of 104 
nucleotides putative miRNA precursors were amplified 
by specific primers and PCR. In addition, by using100 bp 
DNA ladder, the bands were determined in the expected 
locations (370 bp and 679 bp, respectively).
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The fragments containing predicted miRNA precursors 
were cloned into the TA vector. The transformation was 
carried out in the TOP10 strains and then cultured in LB 
agar amended with ampicillin. Additionally, TA vector 
was cultured on another plate under the same conditions 
as a negative control sample.

In order to screen the positive colonies, they were 
randomly selected and colony PCR was performed using 
primers related to miRNA precursors and vector primers.

In spite of the existence of false bands, the presence 
of expected bands with ladder pattern confirmed the 
accuracy of direction of insertions.

In order to clone the fragments containing miRNA 
precursors in the expressed vector, isolated recombinant 
TA vectors were double digested by KpnI and SacI .The 
pEGFP-C1 expression vector by KpnI and SacI was 
double digested and then the products of this digestion 
were extracted from the gel.

The fragments containing miRNA precursor sequences 
were obtained by recombinant TA vector double digestion 
and inserted into the double digested pEGFP-C1 
expression vector.

Then the insertion products transformed into Escherichia 
coli  (DH5-α strains) and the strains plated on LB agar 
amended with kanamycin. Colony PCR was performed 
to select recombinant expression vector colonies 
containing insertion fragments in accuracy direction and 
gel electrophoresis confirmed this purpose. Then, plasmid 
isolation was performed. To verify isolation accuracy, the 
products were electrophoresed on the agarose gel.

Sequencing was carried out to approve sequence 
accuracy of the inserts inexpression vectors. Sequencing 
indicated 100% homology between the inserted sequence 
and the predicted miRNA precursor sequence (Fig.2).

Cell lines
Transfection efficiency was evaluated by observing the 

cells during 36 hours after transfection, using florescence 
microscopy (Fig.3) for confirmation of recombinant 
plasmids expression in HEK293 cells.

RNA extraction and preparation
About 48 hours after transfection, total RNA was 

extracted using Trizol. RNA concentration was determined 
using NanoDrop and RNA quality was assessed by loading 
samples on 2% agarose gel for confirmation of total RNA 
isolation accuracy.

cDNA synthesis and examination of mature miRNAs 
expression

After cDNA synthesis, using PCR, whereby forward 
primers attached to the mature miRNAs and reverse 
primers attached to OligodT, the presence of mature 
miRNAs were studied. Due to insufficient information on 
the precise condition and sequences of candidate miRNAs, 
several forward primers were designed for the candidate 
miRNAs. These primers were designed according to the 
sequence recommended by the mentioned bioinformatics 
servers, for the mature miRNAs in the candidate precursor 
regions. After PCR, due to the small size of fragments and 
in order to better identification, PCR products were loaded 
on polyacrylamide gel. In addition, U6RNA was used 
as a reference gene. Due to the miRNAs length (about 
22 nucleotides) and position of the universal primer on 
OligodT, 80-100bp fragments were expected.

For can-miR-1, the expected band was not found in 
any of the designed primers (Fig.4.A-1). Two bands with 
80-100 bp were observed for can-miR-2 (primers 2 and 
12) in Figure 4A-2. Bands were prepared for sequencing 
after gel extraction. The sequencing results analysis 
confirmed existence of two predicted mature miRNAs, 
but there was not any additional nucleotide between the 
predicted can-miR-2 sequences and poly-A sequences. To 
approve the accuracy of mature can-miR-2 in comparison 
with the probability of error in replication by anchored 
oligodT, once again two forward primers for the observed 
sequences were designed by Oligo v.7 software and 
PerlPrimer (new sequence of primers 2 and 12 with 
sequences of 5´-GCTGCTCAGCTCCAGGTCG-3´ and 
5´-TCAGCTGCACGCTCCTGC-3´, respectively) and 
PCR was performed. The samples were loaded on 12% 
polyacrylamide gel and no band was observed (Fig.4B).

Fig.2: Sequencing results. A-1, A-2. When can-miR-1 and can-miR-2 sequences are cloned into the expression vectors must be in direction read the vectors 
sequence to be properly expressed, also no nucleotide changes were caused by the mutations in these sequences which do not produce defective RNAs. 
Outputs are confirmed accuracy of work.

A-1

A-2
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Fig.3: Observing GFP protein expression using florescence microscopy. GFP expression indicates transfection accuracy in A-1, A-2. Pre-miRNA, B-1, B-2. 
Scramble, C-1, C-2. Mock and D-1, D-2. Untransfected HEK 293 cell lines.

Fig.4: Polyacrylamide gel electrophoresis utilization to confirm the mature miRNAs expression. A-1. Wells related to negative control (NTC) and positive 
control (U6+) are indicated in the figure. The subsequent wells are related to polymerase chain reaction (PCR) products with primers designed for mature 
can-miR-1 at different annealing temperatures. A-2. Fragments for primers 2 and 12 with 80-100 bp were observed for can-miR-2 sequence. B. Two 
observed mature miRNAs of can-miR-2 with new sequence of primers loaded on polyacrylamide gel.

A-1 A-2

B-1 B-2

C-1 C-2

D-1 D-2

A-1 A-2 B
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Discussion
Hemophilia-A is a result of a quantitative or qualitative 

defect in a plasma protein that is involved in blood 
clotting. It is a common genetic disease and one of 
the most serious hereditary blood disorders. So far, 
major molecular researches have focused on a variety 
of mutations in F8 gene, particularly the effects of 
coding region mutation on the rate and quality of FVIII 
expression (27, 28). Researchers have found increasing 
evidences based on aberrant expressions of some miRNAs 
in various diseases by discovering miRNAs and proving 
their highly significant role in regulating expression of the 
most important genes.

While clarifying the molecular mechanisms involved in 
the relevant disorders, discovery of a miRNA associated 
with a disease helps meet diagnostic and therapeutic 
needs of the disease (29). So far, most of the miRNA 
identification has been accomplished by RNA cloning and 
sequencing. Various protocols have been developed for 
this purpose and have been successfully used to identify 
most of the current detected miRNAs.

All of these protocols follow the same rule, but there 
are differences in details of the method. The major 
limitation in identifying miRNAs with cloning is difficult 
to find miRNAs with low expression or in particular 
stages or limited cell lines. Another problem with these 
methods is problem to clone some miRNAs due to the 
physical characteristics, like sequence composition and 
posttranslational modifications (splicing, methylation). In 
addition to the above problems, cost and time-consuming 
will cause restrictions in these methods (30). In this 
regard, computational algorithms provide quick, efficient 
and inexpensive methods for predicting novel miRNAs in 
genomic sequences. Furthermore, predicting the genomic 
region of miRNA genes facilitates discovery of new genes 
by limiting the search to specific regions, but predicting 
the existence of miRNA genes by computational processes 
is not enough to prove these genes and the presence 
of predicted miRNA genes should be experimentally 
confirmed by examining the intrinsic expressions of the 
mature form of miRNA (31, 32). Although, more than 10 
million transcribed loci would increase hairpin structures, 
not all of them are indeed cleaved to mature miRNAs in the 
human genome (33). Kim (32) indicated some conditions 
to mimic a small RNA as a miRNA: first, its expression 
should be confirmed by some methods like RT-PCR or 
primer analysis. Second, small RNA sequence should be 
located in a 60-80 nucleotides hairpin-structure, at either 
5´ or 3´ arm of the hairpin without bulges or internal 
loops. Third, small RNA sequence should be conserved 
phylogenetically. Sequence conservation must be seen 
in the hairpin precursor (pri-miRNA) which is often 
less than mature miRNA. Finally, increase in miRNA 
precursor level by reducing Dicer function is a good 
witness for the existence of miRNA. However, due to 
problems and technical difficulties that exist in destroying 
Dicer in some cells, the latter criterion is not used similar 
to the other criteria.

Considering the conservation factor and the use of 
RNAfold database to analyze folding and minimum free 
energy, Yoon and Micheli. (34) predicted the structures 
of miRNA precursors and identified 38 novel human 
miRNAs among the structures that were highly similar to 
the identified miRNAs. Additionally, in the same fashion, 
Lai et al. (35) confirmed 24 novel miRNA genes by 
bioinformatics analysis.

By adopting a phylogenetic approach, Berezikov et 
al. (36) found that nucleotides in the stem sequence of 
miRNA precursor had significantly higher conservation 
than the other sequences in stem loop. Considering the 
matter as well as the other features of known miRNAs, 
they presented 69 potential candidates for the miRNA and 
confirmed expression of 16 mature miRNA by Northern 
blotting; thus 16 novel human miRNAs were identified. 
Furtheremore, by combining bioinformatics predictions 
with microarray analysis and direct cloning of sequences, 
Bentwich et al. (37) introduced 89 novel human miRNAs.

Using SSCProfiler, UCSC genome browser and several 
other databases, Dokanehiifard et al. (38) successfully 
predicted and validated two novel miRNAs in the TRKC 
gene and hsa-miR-6165 in NGFR. They also investigated 
their possible association with colorectal cancer. 
Additionally, they predicted and confirmed a new miRNA 
in PIK3KCA human gene with a possible role in colorectal 
cancer.

By developing a method based on miRDeep, 
Dokanehiifard et al. (39) discovered 99 putative novel 
miRNAs that were associated with neurodegenerative 
diseases. Saleh et al. (40) completely validated the novel 
hsa-miR-3675b inhibiting proliferation of human breast 
carcinoma cells. In this work, in order to identify and 
confirm candidate regions for the expression of miRNAs 
in F8 gene bioinformatics methods were utilized. Two 
candidate regions with appropriate miRNA characteristics 
and the successful cloning of these areas were determined 
by the result of the bioinformatics studies. To express 
these miRNA precursors in human cells, recombinant 
human vector transfections were performed in a 
human cell line. It was expected that these cells would 
create their corresponding mature miRNAs using their 
processing system by expressing these precursors in the 
cells. Search for the mature miRNAs were carried out, 
but no result was achieved after RNA extraction and PCR 
using the possible mature miRNA primers. It is believed 
that expression of the predicted miRNA will be detected 
through altering cell lines and expression vectors or 
changing the experimental conditions. Another possible 
recommendation to confirm the candidate miRNA in the 
transfected cell lines includes PCR conditions, changing 
cDNA synthesis method or designing different primers. 

Conclusion
Considering the findings obtained from this study, 

further studies are needed to confirm the presence of 
candidate miRNAs, in the light of the above points. After 
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confirmation of the miRNAs at this stage, expression levels 
should be measured within the transfected and non-transfected 
cell populations using Real time-PCR. Since the protocols of 
this study were based on the published articles, bioinformatics 
prediction of miRNAs in different genes of HEK293 cell line 
has been experimentally validated. Moreover, expression of 
the mentioned miRNAs (can-miR-1 and can-miR-2) was 
confirmed by deep sequencing and RNA sequencing data. 
Confirmation of the presence of these miRNAs in the F8 
gene and their exogenous expression through the mentioned 
protocol is the primary goal of this research. We need real-
time PCR technique to evaluate endogenous expression of 
the verified miRNAs. This will be the propsetive objective 
for future investigations. Changing type of the cell line and 
experimental conditions according to the recent protocols 
is considered to resolve the problems of experimentally 
confirmation of the candidate miRNAs in this article. 
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Abstract
Objective: The maternal immune response to paternal antigens is induced at insemination. We believe that pregnancy protective 
alloantibodies, such as anti-paternal cytotoxic antibody (APCA), may be produced against the paternal antigens in the context 
of stimulated immunity at insemination and that they increase during pregnancy. APCA is necessary for pregnancy. It is directed 
towards paternal human leucocyte antigens (HLAs) and has cytotoxic activity against paternal leucocytes. The present study 
aims to determine whether APCA is produced by the maternal peripheral blood mononuclear cells (PBMCs) in contact with the 
husband’s spermatozoa and to evaluate the relation of APCA production with HLA class I and II expressions by spermatozoa in 
fertile couples.
Materials and Methods: This cross-sectional study included 30 fertile couples with at least one child. The maternal PBMCs 
were co-cultured with the husband’s spermatozoa and the supernatant was assessed for the presence of IgG by ELISA. Cytotoxic 
activity of the supernatant on the husband’s PBMCs was assessed by the complement-dependent cytotoxicity (CDC) assay.
Results: IgG was produced in all co-cultures, and the mean level of supernatant IgG was 669 ng/ml. The cytotoxic activity of the 
supernatant was observed in all the supernatant obtained from the co-cultures. The mean percentage of APCA in supernatant was 
73.93%.
Conclusion: Based on the results of this study it can be concluded that APCA may be a natural anti-sperm antibody (ASA), which 
can be produced during exposure to spermatozoa and may have some influence before pregnancy. Further research is required to 
determine the role of APCA before pregnancy. 
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Introduction 
Studies suggest that the maternal immune response 

to paternal antigens is induced prior to conception and 
possibly during insemination. After sexual intercourse, the 
infiltration of neutrophils, macrophages and lymphocytes 
in the female reproductive tract (FRT) due to the presence 
of immune stimulating factors in semen has been clearly 
shown. The consequence of this inflammation is the 
adaptation of maternal-innate and adaptive immune 
responses for the occurrence of pregnancy (1-3). In 
immunity against semen, the immune effector response 
and the regulatory response (regulatory T cells or Tregs) 
are induced. Evidence suggests a delicate balance between 
the effector and regulatory responses, and this may be 
required for pregnancy to occur. One of the roles of the 
immune effector response could be preparation of tissue 
destruction factors such as metalloproteinase enzymes and 
inflammatory cytokines needed for embryo implantation. 
A role of the regulatory response is prevention of an 
excessive effector response (4). Disruptions in balance 

between the effector and regulatory response results in 
pregnancy aberrations, such as recurrent spontaneous 
abortion (RSA) (5). These findings suggest that induction 
of both effector and regulatory responses against semen 
antigens is essential for pregnancy occurrence.         

Despite many studies on the induction of the maternal 
immune response to semen, we could not find any 
study that has addressed beneficial humoral immunity 
(antibody production) against semen or spermatozoa. We 
believe that pregnancy-protective alloantibodies against 
the paternal antigen may be produced in the context of 
stimulated immunity at insemination and they increase in 
pregnancy due to the increase of paternally-derived foetal 
antigens in the maternal blood circulation. Therefore, 
any destruction of semen or spermatozoa antigenicity 
may result in disturbed production of alloantibodies 
and pregnancy complications. This supposition, the 
production of pregnancy-protective alloantibody at 
insemination, was presented when we observed that 
absence of pregnancy-protective alloantibodies resulted 
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in RSA (6, 7). Thus, pregnancy-protective alloantibodies 
must be present before pregnancy and are necessary for 
pregnancy occurrence; otherwise, RSA occurs. 

Anti-paternal cytotoxic antibody (APCA) is one of the 
pregnancy alloantibodies which belongs to the IgG class and 
is directed to paternal human leucocyte antigens (HLAs) (8). 
There is scant information about its function and mechanism 
of action. The absence of APCA is related to RSA. There is 
a relationship between APCA development after lymphocyte 
therapy and the success of this treatment in improving live 
birth rates in RSA women (6, 9). This suggests that APCA 
may be produced upon contact with HLAs in semen and 
spermatozoa. Although there is considerable controversy 
surrounding HLA class  I and II expression by spermatozoa 
(10-19), we recently demonstrated that these antigens were 
expressed by spermatozoa (20). Given this description, 
it is very likely that APCA would be produced in contact 
with spermatozoa in the context of stimulated immunity at 
insemination and help pregnancy to occur. We hypothesize 
that APCA production in contact with spermatozoa may 
benefit humoral immunity following insemination.    

As mentioned, we have not found any study that assessed 
beneficial humoral immunity against spermatozoa. Thus, 
to commence the study about maternal humoral immunity 
against spermatozoa, we aim to determine: i. Whether 
antibody is produced by the female’s peripheral blood 
mononuclear cells (PBMCs) in the presence of the husband’s 
spermatozoa, ii. Whether APCA is produced by the female’s 
PBMCs in contact with the husband’s spermatozoa, and iii. 
The correlation of APCA and antibody production with HLA 
class  I and II expressions by spermatozoa. To the best of our 
knowledge, no study has addressed these topics.  

Materials and Methods 
Subjects

In this cross-sectional study, we included 30 fertile 
couples aged 28-41 years who had at least one child. The 
anti-sperm antibody (ASA) test was negative in these 
couples. The maternal participants denied any history of 
pregnancy complications (e.g., ectopic pregnancy, preterm 
and post-term labour or preeclampsia), blood transfusion 
or organ transplantation. The husband of each woman had 
normal semen status according to the criteria from 2010 
guidelines of the World Health Organization. None of the 
male partners had any history of genital tract disorders 
such as infections, undescended testis, inguinoscrotal 
surgery, genital trauma or testicular torsion. 

Five women, aged 28-42 years, who were virgins 
and had no history of semen contact, blood transfusion 
or organ transplantation were recruited to this study as 
the uncontacted negative control. Because they had no 
history of alloantigen contact, we expected that PBMCs 
obtained from these women would not produce antibodies 
in the presence of spermatozoa. We chose an age and sex 
matched control to remove the effect of age and sex related 
confounding factors such as hormonal factors, variation of 
microbiota with age and other factors that have important 

effects on the immune system. More reliable results could 
be acquired when the only difference between virgin 
women (uncontacted control) and the maternal women 
(with partners) was the lack of semen contact.    

Informed consent was obtained from all subjects. The 
Ethics Committee of Isfahan University of Medical 
Sciences (Isfahan, Iran) approved this protocol (approval 
letter:  IR.MUI.REC.1395.3.480). 

Purification of spermatozoa
Semen samples were collected by masturbation after 2-3 

days of sexual abstinence. Sampling was performed under 
sterile conditions to prevent false results due to a change of 
spermatozoa antigenicity induced by toll-like receptors on 
the spermatozoa in response to microbial antigens. After 
liquefaction, semen quality was assessed according to WHO 
standard guidelines (WHO, 2010) and couples were excluded 
if the husband had an abnormal semen quality. We added 2 
ml of AllGrad Wash (LifeGlobal® Group, Canada) to the 
liquefied semen sample, and centrifuged the sample at 350 
g for 10 minutes. The pellet was re-suspended in 1 ml of 
AllGrad Wash® and 2 gradient solutions (95% and 45%) 
prepared from AllGrad 100% (LifeGlobal® Group, Canada). 
In each tube, 1 ml of AllGrad 90% gradient, followed by 1 ml 
of AllGrad 45% gradient and then 1 ml of the spermatozoa 
suspension were carefully layered. The tubes were centrifuged 
at 400 g for 18 minutes. The spermatozoa pellet at the bottom 
of the centrifuge tubes was washed with AllGrad Wash® and 
then re-suspended in Ham’s F-10 medium (Dacell, Iran) with 
1% bovine serum albumin (CMG, Iran). Ham’s F-10 medium 
was used because of its antioxidant properties, which makes 
it a suitable medium for spermatozoa (21).

Flow cytometry assay 
We added 1×106 spermatozoa per 100 µl medium was 

added to two tubes of each purified spermatozoa sample. 
One tube was incubated with phycoerythrin (PE) mouse 
anti-human HLA-ABC (clone: G46-2.6, BD Pharmingen, 
USA) and the other was incubated with PE mouse anti-
human HLA-DR (clone: G46-6, BD Pharmingen, USA) at 
room temperature for 30 minutes. After two washes with 
AllGrad Wash® (400 g for 5 minutes), the spermatozoa 
were run through a flow cytometer (BD FACSCalibur, 
USA). Data from at least 100000 events were collected using 
forward scatter (FSC) and side angle of light scatter (SSC), 
a logarithmic amplifier. Fluorescence data were obtained 
with the logarithmic amplifier. To determine background 
fluorescence (auto-fluorescence and non-specific binding of 
antibodies), we used two isotype controls (mouse IgG1, κ 
[clone: G46-2.6, BD Pharmingen, USA] and mouse IgG2a, κ 
[clone: G46-6, BD Pharmingen, USA]). An antibody titration 
was performed and we selected the optimal titre that displayed 
the minimum background to eliminate any background 
fluorescence. FSC versus SSC gating was used to identify 
spermatozoa and remove debris. To determine the percentage 
of HLA class  I and II positive spermatozoa, SSC versus 
logarithmic FL2 (PE) gating was used. The cell viability test 
was not performed because abnormal and dead spermatozoa 
were removed by AllGrad solution before staining. The data 
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were analysed using FlowJo version10 software.

Isolation of peripheral blood mononuclear cells and 
performing co-culture

After taking 5 ml of heparinized venous blood, the PBMCs 
were separated by centrifugation on a Ficoll-Hypaque 
(Lymphoprep, Sigma, USA) density gradient. Cells at the 
interface were harvested, washed twice and suspended in 
complete RPMI 1640 medium supplemented with HEPES, 
L-glutamine, penicillin (100 U/ml), streptomycin (10 mg/
ml), 2-mercaptoethanol (2×10-5 M) and 20% autologous 
serum. In this suspension, we adjusted the cell concentration 
to 1×106 cells/ml. A 2 ml suspension (2×106 PBMCs) was 
transferred to 24-well plates and cultured in the presence of 
5×106 spermatozoa. As the negative control, 2×106 maternal 
PBMCs without spermatozoa were cultured in parallel to the 
co-cultures. Cells were then incubated at 37˚C in a humidified 
5% CO2 atmosphere. After four days, cells were washed three 
times and the pellet was re-suspended in 2 ml complete RPMI 
1640 medium in which autologous serum was replaced by 
20% foetal calf serum (FCS). After incubation for eight days 
at 37˚C in a humidified 5% CO2 atmosphere, the supernatants 
were harvested, aliquoted and kept at -80°C for future use.

For the uncontacted negative control, blood was taken from 
the women volunteers who were virgins. The PBMCs were 
separated and these cells were co-cultured with the pooled 
spermatozoa obtained from five normal donors. The culture 
procedure was similar to that mentioned above. There were 
two controls: i. Negative control (culture of PBMC alone 
from the maternal women) and ii. Uncontacted negative 
control (co-culture PMBC from virgin women with pooled 
spermatozoa). The first control was run to ensure that any 
unknown factors did not lead to the production of antibodies, 
and that the production of antibodies in the co-cultures 
was because of the presence of spermatozoa. The second 
control was performed to ensure that antibodies produced 
in the presence of spermatozoa indicated that sensitization 
had previously occurred. In other words, the uncontacted 
negative control was run to confirm that the female humoral 
immune response (antibody production) was induced by 
spermatozoa at the time of insemination.       

Enzyme-linked immunosorbent assay analysis
The concentration of IgG in the supernatant was 

measured using an enzyme-linked immunosorbent assay 
(ELISA) kit in accordance with the manufacturer’s 
protocol [IgG (Total) Human Uncoated ELISA Kit, 
Invitrogen, USA]. Normal serum samples that contained 
IgG were used as the positive control. 

Complement-dependent cytotoxicity assay for 
determining the anti-paternal cytotoxic antibody titre 
in the supernatants

We assessed the APCA percentage by cross-matching 
between supernatants (1:64 dilution) and freshly prepared 
paternal PBMCs. The test was performed in triplicate in 
Terasaki plates covered with light paraffin oil. We mixed one 
µl of paternal PBMCs suspension (density: 2×103 cells/ml) 

with 1 µl supernatant. For quality control of the complement-
dependent cytotoxicity (CDC) assay and to ensure accuracy 
of the assay, two control samples – a negative control 
(antibody without cytotoxic antibody) and positive control 
(antibody with cytotoxic activity) were used.  The positive 
control was the serum of the women at the third trimester of 
pregnancy because it contained a high level of APCA. APCA 
increases to detectable levels from the 28th week of pregnancy 
until four weeks after delivery, after which it decreases to 
an undetectable level (22). The serum of these women was 
mixed with their male partner’s PBMCs. The negative control 
consisted of supernatants obtained from co-culturing PBMCs 
from virgin women with pooled spermatozoa, which lacked 
any antibodies. After one hour at room temperature, we 
added 5 µl of rabbit complement (Inno-Train, Germany). 
One µl eosin dye was added to the wells after one hour 
of incubation at room temperature, followed by 5 µl of 
formalin (37%).  The test plates were left overnight to 
allow the cells to settle. The plates were read using a phase 
contrast microscope (Olympus, Japan). The number 
of dead cells among 1000 PBMCs was determined and 
reported as the percentage of APCA. 

Statistical analysis
Descriptive analysis of the percentage of HLA class I 

and II expression by spermatozoa, IgG concentration and 
percentage of APCA in supernatant included the mean 
and standard deviation (SD). A Pearson product-moment 
correlation coefficient was used to assess the relationship 
between variables. All data analysis was performed using 
IBM SPSS statistics 25  software. A P≤0.05 was considered 
statistically significant.

Results
Evaluation of human leucocyte antigen class I and II 
on the surface of spermatozoa

Flow cytometric results showed that 25.77 ± 9.9% of 
spermatozoa expressed HLA class I on their surface and 
that 29.95 ± 10.10% of spermatozoa expressed HLA class 
II. Figure 1 presents a representative flow cytometry dot 
plot and histogram overlay. 

IgG concentration in the supernatant
Supernatant IgG levels were measured by ELISA. IgG 

was detected in all of the supernatants. The mean ± SD 
of the IgG concentration in supernatants was 669 ± 132 
ng/ml. The IgG concentration in the negative control was 
3.20 ± 2.31 ng/ml and in the uncontacted negative control, 
it was 3.2 ± 2.90 ng/ml.  

Percentage of anti-paternal cytotoxic antibody in the 
supernatant

CDC results showed that all supernatants were positive 
for APCA. The percentage of APCA in the supernatant was 
73.93 ± 16.01%. The percentage of dead cells in the negative 
controls was 3.12 ± 2.96%. Figure 2 shows phase contrast 
microscope images of PBMCs after the CDC assay.



          Cell J, Vol 23, No 3, August 2021 352

Antibody Production in Contact with Spermatozoa

Fig.1: Representative of the flow cytometry dot plot and histogram overlay. Purified spermatozoa were assessed for expression of human leucocyte 
antigen (HLA) class I and II by flow cytometry. The dot plot is used to show the percentage of HLA class I and HLA class II positive spermatozoa. C is a 
representative stagger histogram overlay of the isotype control with the experimental sets to show the background level after minimizing background 
auto-fluorescence.     

 

Fig.2: Phase contrast microscope images of the husbands’ peripheral blood mononuclear cells (PBMCs) after the complement-dependent cytotoxicity (CDC) assay. 
Eosin dye was taken up by the dead cells and they became a dark colour. A. Positive control, B. Test (cytotoxic activity of supernatant on paternal PBMCs, and C. 
Negative control. Black arrow; Dead cells and Gray arrow; Live cells.

A B C
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 Correlation assessments
A Pearson product-moment correlation coefficient was 

computed to assess the relationship between APCA production 
and HLA class I and II expression by spermatozoa. There 
was a positive correlation between these factors [P=0.011 
(HLA-I) and P=0.013 (HLA-II), Table 1].

Table 1: Correlation results
Pearson correlation IgG (ng/ml) APCA (%)

HLA-I % r 0.459* 0.509**

P value 0.011 0.004

n 30 30

HLA-II % r 0.449* 0.499**

P value 0.013 0.005

n 30 30

 *; Correlation is significant at the 0.05 level (2-tailed), **; Correlation is 
significant at the 0.01 level (2-tailed), n; Number; HLA; Human leucocyte 
antigens, APCA; Anti-paternal cytotoxic antibody, and r; Correlation 
coefficient. 

Discussion
Despite numerous studies about the cellular immunity 

that is induced in FRT at insemination, the humoral 
immunity and the production of useful antibodies against 
spermatozoa (ASA) has not been assessed. In this study, we 
show, for the first time, that IgG and APCA are produced 
by the wife’s PBMCs in the presence of the husband’s 
spermatozoa. Furthermore, we show a positive correlation 
between HLA expression by spermatozoa and antibody 
production.  To the best of our knowledge, this is the first 
study that has investigated the ability of spermatozoa to 
induce the production of IgG and APCA. We could not 
find any study that investigated the correlation between 
HLA expression on spermatozoa and the induction of 
immunity (e.g., antibody production) by spermatozoa.    

The production of antibodies (IgG) against an antigen 
in vitro by PBMCs is indicative of the stimulation of the 
immune response against the antigen and development of 
memory B lymphocytes that respond to the presence of 
the antigen in the body. In this study, we have shown that 
the antibody (IgG) was produced ASA when the wife’s 
PBMCs were co-cultured with the husband’s spermatozoa. 
This result suggested development of memory humoral 
immunity ASA in the wife (or maternal) body. 

Regarding these produced antibodies, the question arises 
as to which antigens of spermatozoa have the capability to 
cross-react with paternal lymphocyte antigens. One of the 
most likely antigens are the HLA molecules. This study 
showed a positive correlation between HLA class I and 
II and APCA production. It is possible that APCA, which 
is originally developed through exposure to paternally 
derived foetal antigens during pregnancy, can cross-

react with the same antigens on spermatozoa.  However, 
it should be noted that the immune system is exposed to 
semen antigen before foetal antigen. 

Our results show that fertile women produce 
antibodies against spermatozoa (ASA). In contrast 
to our results, many studies have shown that ASA in 
serum or in FRT secretions results in infertility. Also, 
numerous studies have sought to determine the antigen 
specificity of ASA. Despite the large number of studies 
on the pathogenicity of ASA for pregnancy, the presence 
of this antibody was reported in a very small percentage 
of fertile women. Accordingly, the results of our study 
showed that fertile women have immunological memory 
of antibody production in the presence of the husband’s 
spermatozoa (23-25). However, the question is raised 
as to why APCA, a type of ASA, is not detectable in 
most normal parous women. Two possible reasons can 
be suggested. First, under normal conditions, APCA 
producing plasma cells migrate in the FRT and locally 
produce a small amount of antibody so that the release 
of antibody into the blood is very limited, and often not 
identifiable by current methods. Second, APCA may be 
produced when first encountering spermatozoa, after 
which it may bind to spermatozoa and be eliminated by 
cells in the FRT. Consequently, the amount of unbound 
antibody is very low and cannot be detected in serum 
and cervical secretion or blood. 

The question arises as to why APCA with cytotoxic 
activity does not lead to infertility. We believe that, in 
addition to not leading to infertility, APCA has some 
major roles for supporting pregnancy. These possible 
roles for APCA before pregnancy include:  

i. Opsonizing senescent and damaged spermatozoa 
for phagocytosis, ii. Assisting in promoting a proper 
immune response required for implantation and tolerance 
induction, iii. Because the cytotoxic activity of immune 
cells (Natural killer cells and cytotoxic T lymphocytes) 
is essential for implantation (26-28), it is probable that 
APCA also has a role in this cytotoxicity process. This 
role of APCA may occur through the antibody-dependent 
cell-mediated cytotoxicity (ADCC) that is intermediated 
by NK cells. 

Therefore, it seems logical that the APCA in normal 
women (which we named natural ASA) has a different 
function and features compared to the pathogenic ASA in 
infertile women. We believe that natural and pathogenic 
ASA may have different properties, such as antigenic 
specificity, glycosylation type and isotype. Further studies 
should be performed to assess this supposition. 

Determination of the level of APCA in the serum by 
the CDC assay is a diagnostic test for RSA. However, the 
sensitivity of this method is low because of the decreased 
level of APCA in the serum. We intend to use APCA 
production in the presence of spermatozoa as a diagnostic 
test for RSA. To achieve this purpose, a study should be 
performed on a large number of fertile and RSA couples 
to determine a cut-off value and the normality of APCA.          
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Conclusion
Based on the results of this study it can be concluded that 

APCA can be a natural ASA, which might be produced 
during exposure to spermatozoa and might have some 
influence before pregnancy. Further research is required 
to determine the role of APCA before pregnancy.     
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Abstract
Objective: Alzheimer’s disease (AD) is considered a neurodegenerative disease that affects the cognitive function of 
elderly individuals. In this study, we aimed to analyze the neuroprotective potential of isoquercetin against the in vitro 
and in vivo models of AD and investigated the possible underlying mechanisms.

Materials and Methods: The experimental study was performed on PC12 cells treated with lipopolysaccharide (LPS). 
Reactive oxygen species (ROS), antioxidant parameters, and pro-inflammatory cytokines were measured. In an in vivo 
approach, Wistar rats were used and divided into different groups. We carried out the Morris water test to determine the 
cognitive function. Biochemical parameters, antioxidant parameters, and pro-inflammatory parameters were examined.

Results: The non-toxic effect on PC12 cells was shown by isoquercetin. Isoquercetin significantly reduced the 
production of nitrate and ROS, along with the altered levels of antioxidants. Isoquercetin significantly (P<0.001) 
down-regulated proinflammatory cytokines in PC12 cells treated with LPS. In the in vivo approach, isoquercetin-
treated groups considerably showed the up-regulation in the latency and transfer latency time, as compared with 
AD groups. Isoquercetin significantly reduced Aβ-peptide, protein carbonyl, while enhanced the production of brain-
derived neurotrophic factor (BDNF) and acetylcholinesterase (AChE). Isoquercetin significantly (P<0.001) reduced 
pro-inflammatory cytokines and inflammatory mediators, as compared with AD groups.

Conclusion: Based on the results, we may infer that, through antioxidant and anti-inflammatory systems, isoquercetin 
prevented neurochemical and neurobehavioral modifications against the model of colchicine-induced AD rats.
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Introduction

Research suggests that age is the key factor for the 
development of acute and chronic neurodegenerative 
disorders, such as Alzheimer’s (AD), stroke, and 
Parkinson’s (PD) diseases (1). As we know that the 
aging process occurs on a global scale, the incidence 
of early mentioned diseases would be expectable 
in the near future (2, 3). Moreover, the available 
therapies only decelerate disease progression (2). 
Basic molecular science suggests that neuronal 
damage and death are both involved in the molecular 
mechanism of AD. In vitro, in vivo, and post-mortem 
investigations show neuronal death as a result of 
the activation of common cell death programs, such 
as apoptosis (3). Previous research suggests that the 
genetic manipulation or pharmacological interventions 
of underlying molecular pathways can protect neurons 
from deadly insults (4). The strategies for the treatment 
of neurodegenerative disorders are mainly focused on 
interrupting, antagonizing, or slowing the molecular 
events, leading to the irreversible injury or death of 
neurons in neurodegenerative diseases, which are 
commonly called neuroprotection (5). Nevertheless, 
poor translation of rodent investigations into clinical 

trials has overturned neurologists and provoked hot 
debates on the reasons for the apparent failure of 
neuroprotection against neurodegenerative diseases 
(4).

AD is considered a wide spread neurodegenerative 
disease, which affects the cognitive function 
of elderly individuals (6). In the course of AD, 
cortical neuron damage and disintegration of the 
hippocampal region cause memory impairment and 
alter the cognitive capability (4, 6). The 1st clinical 
symptoms of AD is characterized by the demolition 
of the short-term memory. The pathological hallmark 
of AD is the presence of senile plaques, triggering 
the accumulation of β-amyloid proteins, through the 
deterioration of neurofibrillary tangles and neuronal 
and other proteins (6).

Amyloid β peptide (Aβ) has been considered a 
possible source of oxidative stress during AD (6, 
7). It can generate free radicals that contribute to 
the expansion of toxic effects. Previous studies 
suggested that Aβ-induced cytotoxicity stimulates the 
accumulation of intracellular reactive oxygen species 
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(ROS), finally leading to the peroxidation of membrane 
lipids and induced cell death. While the mechanism 
of Aβ-induced cytotoxicity is still unknown, previous 
investigations indicate that targeting Aβ would be 
regarded as a significant neuroprotective approach for 
the treatment and prevention of the onset of AD. Several 
lines of evidence suggest that antioxidant therapy has 
beneficial roles in the treatment of the toxic effects 
related to Aβ-induced oxidative stress (6, 8). Due to 
the lack of effective treatment for AD, researchers 
have focused their research on neuroprotective drugs, 
having antioxidant and anti-inflammatory properties. 

Various efforts have been made in the world to explore 
the possible treatment for AD; however, there is no 
effective therapy for the cure of AD. Clinical research 
suggests that most of the AD patients over the age of 
65 suffer from the disease; nevertheless, the symptoms 
can occur at the early stages (6). The aetiology of AD 
is very complex, and various pathways of neuronal 
injury have been proposed (9). According to previous 
studies, the cortex, hippocampus, and limbic system 
are considered susceptibility regions for the injury 
(6, 10). Studies showed that Aβ peptide might be a 
possible source for the induction of oxidative stress 
in the brain of AD patients (2, 6). It is now known 
that it can generate free radical agents that participate 
in the expansion of its side/toxic effects. Research 
suggests that Aβ-induced cytotoxicity stimulates the 
intracellular accumulation of neuronal plaques as a 
result of the generation of oxidative stress, ultimately 
leading to the peroxidation of lipids and induction of 
cell death (2, 6). However, the precise mechanism 
underlying the role of Aβ-induced neurotoxicity is still 
unclear. The prevention of Aβ accumulation with in the 
brain is one of the significant targets for the potential 
therapy of AD, as numerous drugs are screened for 
this ability as to whether they can halt the onset of the 
disease (4, 9). Consequently, the antioxidant therapy 
is the best approach for reducing the pathological 
conditions and side/toxic effects linked with Aβ-
induced oxidative stress. Due to the beneficial effects 
of antioxidant compounds, researchers have devoted 
themselves to discovering novel phytochemical 
agents having antioxidant potential to modulate the 
detrimental effects of Aβ-induced neurotoxicity.

Isoquercetin (quercetin-3-O-b-D-glucopyranoside) 
is found in various medicinal and culinary crops, 
including fruits, herbs, and vegetables (11). The anti-
allergic, antioxidant, and anti-inflammatory activities 
of isoquercetin against different rodent models a real 
ready documented (12, 13). Paulke et al. (14) showed 
higher bioavailability of isoquercetin in comparison 
with quercetin. To the best of our knowledge, the 
impact of isoquercetin on the prevention of cognitive 
defects occurring in AD patients has not been studied. 

In the current experimental study, we aimed to assess 
the neuroprotective potential of isoquercetin against 
the in vitro and in vivo models of AD to explore the 
possible mechanism.

Materials and Methods
Chemicals

Dulbecco’s modified Eagle’s medium (DMEM) was 
procured from the Thermo Fisher Scientific, Inc, Waltham, 
MA, USA. 

In vitro study
Cell culture

In this experimental study, the PC12 (phaeochromo-
cytoma) cell line was purchased from the Shanghai Bi-
ochemistry Co., Ltd (Shanghai, China). High-glucose 
DMEM was used for the culture of the cells contain-
ing streptomycin (10 U/ml), fetal bovine serum (10%), 
and penicillin (100 U/ml). The cells were incubated in 
an incubator at 37oC in a humidified 95% air, 5% CO 
atmosphere. When the cells reached 80% confluency, 
they were treated with the trypsin (0.25%) and pas-
saged.

Cytotoxicity assay

The method used for the determination of MTT 
assay was based on a method, as previously described 
with minor modifications (15). Briefly, the cells were 
seeded on to the 96-well plate at a density of 1×104 
cells/plate and further incubated at 37˚C for 24 hours 
in a CO2 chamber. After 24 hours, the medium was 
changed with a new medium, containing different 
doses of isoquercetin and incubated for 24 hours. 
After the incubation period, the medium (containing 
isoquercetin) was replaced with the MTT (200 μl) 
solution and incubated at 37˚C for the next 4 hours. 
After that the MTT solution was changed with 
dimethyl sulfoxide (DMSO) to solubilize the formazan 
crystals and incubation for 20 minutes at 37˚C with 
occasionally shaking, the absorbance of samples was 
read at 570 nm using a microplate reader (Thermo 
Scientific Multiscan GO, USA) and the cell viability 
was calculated (%). 

 
Nitrite assay

The Griess assay was used for the determination of 
nitrite in accordance with a previously described method 
with minor modifications (16). Briefly, the cell supernatant 
(100 μL) was mixed with the Griess reagent (100 μL), 
containing nephtylethylenediamine (0.01%), p-amino-
benzene sulphonamide (1%) in phosphoric acid (2.5% 
v/v) and kept the reaction mixture in the darkroom for 20 
minutes. Finally, the optical absorbance was recorded at 
570 nm using a microplate reader. 
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Estimation of reactive oxygen species generation
The Nitro Blue Tetrazolium (NBT) assay was applied 

for the measurement of ROS (16). Briefly, the cells 
were incubated with NBT and various concentrations 
of isoquercetin for 2 hours in the 96-well plates. 
The formazan crystals were solubilised using 2 M 
KOH (freshly prepared) in DMSO, and finally, the 
absorbance of specimens was monitored at 630 nm 
using a microplate reader. 

The concentration of malondialdehyde

The concentration of malondialdehyde (MDA) 
was assayed, as previously described, with minor 
modifications (17). Briefly, the cells were seeded in 
a 6-well plate at a density of 4×105 cells/well and 
treated with different concentrations of isoquercetin 
for 24 hours. Next, the cells were washed with the ice-
cold phosphate buffer saline phosphate buffer saline 
(PBS) and scrapped in a sodium phosphate solution 
containing Triton-X (0.1%). The cells were lysed 
and finally centrifuged at 10,000 g for 10 minutes. 
Afterward, the resulting pellet was discarded, and the 
supernatant was collected. The cell supernatant (100 
μL) was mixed with trichloroacetic acid (TCA, 10% 
w/v) and thiobarbituric acid (TBA, 0.67% w/v) and 
kept at 95˚C for 1hour. Then, the solution was quickly 
cooled and mixed with n-butanol-pyridine (15:1) and 
centrifuged for 10 minutes at 400 g. The upper layer 
(pink) was collected, and the absorbance was read at 
532 nm using a microplate reader. 

Determination of glutathione

Indirect estimation of oxidative injury, reduced 
glutathione (GSH) level was determined (17) Briefly, 
PC12 cells at a density (4×105 cells/well) were 
propagated into 6-well plates and incubated at 37˚C 
for 24 hours in the CO2 chamber. Afterward, the 
cells were treated with the different concentrations 
of isoquercetin and washed with the ice-cold PBS 
and scrapped in sodium phosphate buffer containing 
Triton-X (0.1%). For the removal of proteins, the 
cells were lysed (100 μL) via adding trichloroacetic 
acid (10%) and again incubated at 4˚C for 1 hours and 
finally centrifuged at 5000g rpm for 5 minutes. After 
that, PBS (100 μl) and DTNB (50 μl) were mixed in 
the above supernatant (75 μl) and finally estimated the 
absorbance at 412 nm after the 10 minutes. 

Catalase estimation
The method employed for the measurement of 

the catalase (CAT) enzyme activity was previously 
described, with minor modifications (17, 18). Briefly, 
the cell lysate was mixed into the hydrogen peroxidase 
(H2O2) phosphate buffer solution in an Eppendorf tube, 
which was further vortexed and incubated at 37˚C for 
3-5 minutes. After that, the resulting solution was 

mixed with the dichromic acetate solution and kept for 
10 minutes at 100˚C. After that, the reaction mixture 
was cooled down using the tap water and centrifuge 
at 2500 g rpm for 5 minutes and the absorbance of 
specimens was read at 570 nm. 

Superoxide dismutase activity

The method employed for the measurement of the 
superoxide dismutase (SOD) enzyme activity was 
previously described, with minor modifications (16-
18). Briefly, cell lysates (100 μM) was mixed with Tris 
buffer (1 ml). After that, pyrogallol was mixed, and the 
absorbance of the samples was read at 420 nm using a 
microplate reader for 5 minutes at a time interval of 1 
minute. Finally, the activity of the SOD enzyme was 
reported as the percentage of inhibition of pyrogallol 
auto-oxidation.

In vivo study
Experimental animals

Swiss Wistar rats (150-180 g, either both sex) were 
used for the current protocol. The rats were kept in 
the polyethylene cages and kept standard laboratory 
conditions, such as temperature (22 ± 2oC), relative 
humidity (45-75%), and light/dark cycle (12/12 
hours). The rats received the standard food pellets and 
water ad libitum. All the protocol was approved by 
The Institutional Ethical Committee (SHJU/19/01/05). 

Experimental protocols
For the AD, the rats were grouped into the following 

groups, and each group had 12 animals as follows;
Normal control group rats (received vehicle only): group I
AD control received colchicine (15 µg/5 µl icv): group II
AD control received colchicine (15 µg/5 µl icv) and 
Isoquercetin (10 mg/kg): group III
AD control received colchicine (15 µg/5 µl icv) and 
Isoquercetin (20 mg/kg): group IV
AD control received colchicine (15 µg/5 µl icv) and 
Isoquercetin (40 mg/kg): group V
AD control received colchicine (15 µg/5 µl icv) and 
Memantine HCL (10 mg/kg): group VI

The rats were intracerebroventricularly infused with 
either artificial cerebrospinal fluid. Post-operative 
procedures or colchicine (15 Ig) mixed in the ACSF. 
After that, the animals were further used for the 
determination of neurobehavioral and neuro-chemical 
parameters (19). 

Post-operative procedures
After the surgery, the rats were kept in the aseptic 

condition and received the standard diet (water and 
food), and the animals were treated with 5 mg/kg 
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gentamicin (intraperitoneal injection) for the next 
three days to prevent the sepsis.

Morris maze test

Morris maze test was used for the estimation of 
behavioural effect using the previous method with minor 
modifications (19). Briefly, a circular pool (180 cm in 
diameter and 60 cm in height) was used for the Morris 
maze test. The circular pool filled with the water and the 
entire experimental animal put into quadrants during the 
acquisition and retention phase (19, 20). 

Probe trial

For the probe trial, on the last day of training, the 
platform was removed from the pool, and experimental 
rats were left free to swim in the pool for the next 2 
minutes (19). The time interval of the experimental 
animal reached the target quadrant was compared to 
other groups, and the data were shown as the latency 
time ± standard error means (SEM).

Passive avoidance paradigm

The main purpose of the passive avoidance paradigm 
is determination the learning and memory capacity of the 
experimental animals (19). Briefly, the experimental rats 
were kept in the shuttle box, having 2 compartments (one 
for the light, while another for the dark) and unglued with 
a guillotine door. During the experiment, the rodent kept 
for 30 seconds in the light chamber and the next open a 
guillotine door and finally the experimental rodent were 
transferred into the dark chamber, and finally, closed the 
door for the next 10 seconds. 

Neurochemical parameters

At the end of the experimental study, the neurochemical 
parameters, including protein carbonyl, acetylcholine 
esterase were estimated using the previously published 
literature with minor modifications (19).

Antioxidant parameters

Antioxidant enzymes viz., CAT, GSH, lipid peroxidation 
(LPO) and SOD were estimated in the hippocampus via 
using the previously reported literature (19, 21).

Inflammatory mediators
Pro-inflammatory cytokines like interleukin-1β (IL-

1β), IL-6 and tumour necrosis factor-α (TNF-α) and 
inflammatory mediator including nuclear transcription 
factor (NF-κB), was estimated using standard kits.

Statistical analysis

One-way analysis of variance (ANOVA) was used for 
the determination of statistical significance. The difference 
between the examined and control cells was analysed 

using the post hoc Newman-Kuels test, and the values are 
presented as mean ± SEM. P<0.05 was considered as a 
statistically significant value. 

Results
Effect of isoquercetin on cell viability

Figure 1 exhibited the effect of isoquercetin on 
cell viability. Figure 1 exhibited that the isoquercetin 
100 μM was found to be non-toxic as they did not 
induce any considerable alteration in the growth of 
PC12 cells. Moreover, isoquercetin dose up to 100 
μM exhibited a sign of cytotoxicity with considerable 
change. Accordingly, isoquercetin at a dose range of 
25-100 μM is a safe drug and can be used for further 
experimental analyses. 

Fig.1: The cell viability effect of isoquercetin on P12 cells. ns; Non 
significant, IQ; Isoquercetin, and *; P<0.05.

Effect of isoquercetin on lipopolysaccharide induced 
nitrosative stress

It is well known that during the oxidative stress 
increased the nitrosative stress due to the generation of 
free radicals. A similar result was found in the current 
experimental study. PC12 cells were treated with 
lipopolysaccharide (LPS, 100 ng/mL) and showed the 
increased level of nitrite released into the supernatant (24 
hours) as compared to the control. Isoquercetin treatment 
significantly (P<0.05) reduced the release of nitrite into 
the supernatant in a dose-dependent manner as compared 
to the LPS-stimulated cells (Fig.2A). 

Effect of isoquercetin on lipopolysaccharide induced 
reactive oxygen species level

During AD, the ROS level considerably increased 
due to the generation of free radicals. PC12 cells 
treated with the LPS (100 ng/mL) considerably 
(P<0.001) boosted the production of ROS as compared 
to the normal cells. The concentration-dependent 
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treatment of isoquercetin significantly (P<0.001) 
down-regulated the production of ROS as compared to 
the LPS treated cells (Fig.2B).

Fig.2: Effect of isoquercetin on the LPS induced nitrite and ROS activity in 
PC12 cells. A. Nitrite and B. ROS as described in the material and methods. 
Values are presented as mean ± SEM. ### showed the significance as 
compared to the control group (P<0.001). * demonstrates the significance 
as compared to LPS-induced group (*; P<0.05, **; P<0.01, and ***; 
P<0.001). LPS; Lipopolysaccharide, IQ; Isoquercetin, and ROS; Reactive 
oxygen species.

Effect of isoquercetin on lipopolysaccharide induced 
antioxidant enzymes

LPS (100 ng/mL) treatment demonstrated the increased 
level of MDA as compared to healthy control cells. 
Isoquercetin treatment significantly (P<0.001) decreased 
the level of MDA as a dose-dependent manner as 
compared to LPS control cell lines (Fig.3A).

In the level of SOD, CAT and GSH, LPS (100 ng/
mL) treatment significantly (P<0.001) showed the 
reduced level as compared to normal cell lines, and 
the concentration-dependent treatment of isoquercetin 
exhibited the increased level of SOD (Fig.3B), CAT 
(Fig.3C) and GSH (Fig.3D) as compared to the LPS 
control cell lines.  

Fig.3: Effect of isoquercetin on the LPS induced antioxidant activity in PC12 
cells. A. GSH, B. MDA, C. CAT and D. SOD as described in the material and 
methods. Values are presented as mean ± SEM. ### showed the significance 
as compared to the control group (P<0.001). * demonstrates the significance 
as compared to LPS-induced group (*; P<0.05, **; P<0.01, and ***; P<0.001). 
LPS; Lipopolysaccharide, GSH; Glutathione, MDA; Malondialdehyde, CAT; 
Catalase, SOD; Superoxide dismutase, and IQ; Isoquercetin.
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Effect of isoquercetin on lipopolysaccharide induced 
pro-inflammatory cytokines

Figure 4 showed the effect of isoquercetin and LPS 
on the pro-inflammatory cytokines on the PC12 cells. 
LPS (100 ng/mL) showed the significantly (P<0.001) 
increased the level of pro-inflammatory cytokines such as 
IL-1β, IL-6, IL-8, and TNF-α as compared to the control 
cell lines. The dose-dependent treatment of isoquercetin 
significantly (P<0.05) reduced the level of pro-
inflammatory cytokines, including IL-1β (Fig.4A), IL-6 
(Fig.4B), IL-8 (Fig.4C) and TNF-α (Fig.4D) as compared 
to the LPS induced control cell lines. 

Fig.4: Effect of isoquercetin on the LPS induced pro-inflammatory 
cytokines parameter in PC12 cells. A. IL-1β, B. IL-6, C. IL-8 and D. TNF-α 
as described in the material and methods. Values are presented as mean 
± SEM. ### showed the significance as compared to the control group 
(P<0.001). * demonstrates the significance as compared to LPS-induced 
group (*; P<0.05, **; P<0.01, and ***; P<0.001). LPS; Lipopolysccahride, 
IQ; Isoquercetin, IL-8; Interleukin-8, and TNF-α; Tumor necrosis factor-α.

Time spent in the platform quadrant 

The probe trial data analysis was performed in 
experimental rats. Colchicine-treated rats exhibited 
a significantly decreased latency towards the target 
quadrant as compared with the spend time by the control 
group. Moreover, such down-regulation in the time spent 
in the quadrant was enhanced upon the treatment with 
isoquercetinin a dose-dependent manner. A similar results 
were obtained in the memantine-treated group (Fig.5).

Fig.5: Effect of isoquercetin on the colchicine impaired spatial memory 
and learning in rats appraises via probe trial in water maze; data shows 
mean ± SEM of 6 rats in each group. Significant difference represent as 
compared to colchicine control group rats (**; P<0.01 and ***; P<0.001). 
IQ; Isoquercetin and MM; Memantine.

Effect of isoquercetin on memory and learning via 
passive avoidance paradigm

The passive avoidance paradigm was used for the 
estimated effect of isoquercetin on the memory and 
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learning capacity of the rats. Colchicine induced rats 
exhibited brain damage as compared to the control group 
rats. Figure 6 showed that the reduced transfer latency time 
as compared to the acquisition trial transfer latency time 
from the control group to the colchicine-treated group (3rd 
retention trial). The isoquercetin-treated group exhibited 
the increased transfer latency time as compared with the 
acquisition trial. On the other hand, the standard drug-
treated group showed the increased transfer latency time as 
compared to the acquisition trial. Moreover, instantaneous 
isoquercetin received rats exhibited a significant enhance 
in TLT in retention trials in comparison with the acquisition 
trial transfer latency time.  

Fig.6: showed the effect of isoquercetin and colchicine on passive 
avoidance response; data shows mean ± SEM of 6 rats in each group. 
Significant difference represent as compared to colchicine control group 
rats (*; P<0.05, **; P<0.01, and ***; P<0.001). IQ; Isoquercetin and MM; 
Memantine.

Effect of isoquercetin on brain-derived neurotrophic 
factor

Figure S1 (See Supplementary Online Information at 
www.celljournal.org) showed the effect of isoquercetin on 
the level of brain-derived neurotrophic factor (BDNF) in 
colchicine induced group rats. Colchicine induced group 
rats exhibited a reduced level of BDNF in comparison 
to normal control. Colchicine-induced group exhibited 
a significantly (P<0.001) increased level of BDNF in a 
dose-dependent manner. On the contrary, Memantine 
significantly (P<0.001) enhanced the level of BDNF, 
but the level was slightly lower as compared to the 
isoquercetin (40 mg/kg) treated drugs. 

Effect of isoquercetin on Aβ peptide activity
During the colchicine induced AD, the level of Aβ peptide 

activity considerably boosted and reached almost 2-3 times 
as compared to the normal control. A similar result was 
obtained in the colchicine induced treated group rats. The 
level of Aβ peptide activity reached almost 4 times more as 
compared to normal control. The dose-dependent treatment 
of isoquercetin treatment significantly (P<0.001) down-

regulated the level of Aβ peptide activity as compared to the 
colchicine induced group rats. Standard drug (memantine) 
treated group rats showed the reduced level of Aβ peptide 
activity as compared to the colchicine induced group rats 
(Fig.S2) (See Supplementary Online Information at www.
celljournal.org). 

Effect of isoquercetin on acetylcholinesterase activity
Figure S3 (See Supplementary Online Information at www.

celljournal.org) demonstrated the effect of isoquercetin on the 
level of acetylcholinesterase (AchE) on the colchicine induced 
group rats. Colchicine-induced group showed the reduced 
activity of AchE, while the dose-dependently treatment of 
isoquercetin and standard drug (memantine) significantly 
(P<0.001) increased the activity of AchE. 

Effect of isoquercetin on P. carbonyl activity
Figure S4 (See Supplementary Online Information at 

www.celljournal.org) illustrated the effect of isoquercetin 
on the level of P. carbonyl activity. Colchicine induced 
group rats showed the increased activity of P. carbonyl 
activity and dose-dependently treatment of isoquercetin 
and standard drug (memantine) significantly (P<0.001) 
decreased the activity of P. carbonyl activity.

Effect of isoquercetin on pro-inflammatory cytokines
Figure S5 (See Supplementary Online Information at 

www.celljournal.org) showed the effect of isoquercetin on 
the level of pro-inflammatory cytokines in the colchicine 
induced AD rats. Colchicine induced group rats showed 
an increased level of pro-inflammatory cytokines, such as 
TNF-α, IL-1β, and IL-6 and dose-dependent treatment of 
isoquercetin significantly (P<0.001) reduced the level of 
pro-inflammatory cytokines. 

Effect of isoquercetin on NF-κB activity
The level of NF-κB considerably boosted during AD. 

A similar result was obtained in the colchicine induced 
AD control group rats. The dose-dependent treatment of 
isoquercetin significantly (P<0.001) reduced the level 
of NF-κB as compared to the colchicine induced AD 
control group rats (Fig.S6) (See Supplementary Online 
Information at www.celljournal.org). 

Discussion

In the year of 1976, PC12 cell lines have been considered 
as the significant model system for neurochemical and 
neurobiological investigations, as its adaptability, comfort 
culture, and huge information of their differentiation and 
proliferation (19). In the current investigation, we used 
the PC12 cells to investigate the neuroprotective effect of 
isoquercetin. In an in vitro model, PC12 cells were treated 
with the LPS, which is commonly present in the Gram-
Negative bacteria membrane (22). By scrutinizing the 
apoptosis, cell viability, antioxidant and pro-inflammatory 
cytokines, we established the cell model of LPS was 
successfully constructed (23). It is well defined that 

http://www.celljournal.org
http://www.celljournal.org
http://www.celljournal.org
http://www.celljournal.org
http://www.celljournal.org
http://www.celljournal.org
http://www.celljournal.org
http://www.celljournal.org


          Cell J, Vol 23, No 3, August 2021 362

Neuroprotective Effects of Isoquercetin

oxidative stress plays an important mechanism underlying 
PC12 induced neurotoxicity during AD (24). Consequently, 
targeting oxidative stress is the best approach to treat A0. 
In the current experimental study, we established the LPS 
induced oxidative model in the PC12 cells. LPS significantly 
increased the level of MDA (LPO parameter) and intracellular 
formation of ROS and reduced the levels of SOD, CAT in 
the PC12 cells as compared with the non-stimulated cells, 
approaching the pathophysiological condition of oxidative 
stress during the central nervous system (CNS) disorders. 
Isoquercetin treatment significantly reduced the intracellular 
ROS generation, MDA level, and nitrite release and 
increased the activity of SOD, GSH, and CAT, suggesting 
the antioxidant role and maintain the intracellular oxidative 
stress and consequent neuroprotection. On the basis of the 
results, isoquercetin could be useful for the treatment of 
neuro-inflammatory diseases like AD, multiple sclerosis, 
PD etc. 

Neurodegenerative disease such as AD is considered as 
the age-related disease (25). It is related to the early phase 
of cognitive dysfunction linked with behavioural and 
social deterioration. The feature of AD is extracellular 
senile plaques, loss of neurons, intracellular neurofibrillary 
in the region of brain, such as hippocampus region 
(6). Previous research suggests that the hippocampus 
region of the brain is the primary target, which involved 
in AD pathophysiology (6, 9). It is well known that 
the accumulation of β amyloid and the generation of 
amyloid plaques are the hallmarks of AD (6, 26). In 
the current protocol, we made an attempt to scrutinize 
the neuroprotective effect of isoquercetin against the in 
vitro and in vivo model of AD and explore the possible 
mechanism of action. 

For the learning and memory impairment, colchicine 
induced AD model is commonly used (27). Colchicine 
induced the dysfunction in various parts of the 
brain, especially when inducing the severity into the 
hippocampus region of the brain. It is well known that 
the level of AChE was reduced during the impaired 
learning and memory capacity of rodents (28). A similar 
result was found in the colchicine-induced group; a 
marked reduced AChE content was observed, while the 
dose-dependent treatment of isoquercetin significantly 
increased the AChE content and suggests the memory and 
learning improvement. Previous research suggests that 
the marked increase in the activity of AChE and decrease 
the activity of choline acetyltransferase showed a reduced 
level of Ach (29). Various experimental study suggests 
that the decreased level of AChE activity, indicating 
the impairment of cognitive function and improved 
the activity of AChE suggests the increase cognitive 
function (27). Other parameters such as Aβ start the 
deposition during the AD in the cerebral area of the brain, 
and it induces the memory dysfunction with marked 
cholinergic function (30)bisdemethoxycurcumin and 
demethoxycurcumin. During AD, the accumulation of Aβ 
considerably increased and induced memory dysfunction. 
In the current experimental study, the content of Aβ was 

considerably boosted and dose-dependent treatment of 
isoquercetin significantly reduced the content of Aβ. 
A similar momentum was observed in the memantine 
induced group rats. 

Previous research suggests that the colchicine 
administration exhibit the dose- and time-dependent 
behavioural, neurochemical, anatomical changes, and 
the changes reached upwithin 2-3 weeks (27). Colchicine 
(tubulin inhibitor), avoids microtubule assembly inducing 
synaptic loss and neurofibrillary degeneration that take 
part in the diminishing of intracellular trafficking of 
neurotrophic factors, oxidative stress, inflammation, 
and axonal excitotoxicity (31). Colchicine also 
disrupts the cytoskeleton that has to be linked with the 
neurodegeneration in AD and also executing a deadly 
effect on the activity and persistence of neurons (19). 
Meanwhile, colchicine administration does not produce 
a significant alteration in the gross locomotor and 
behavioural activities in rats. The current experimental 
study showed that the open field did not show higher 
scores for the locomotor and behavioural activities in 
each rat.  

Previous research suggests that the BDNF is the main 
target in the pathophysiology of various neurodegenerative 
diseases (19). BDNF is considering as the prognostic and 
diagnostic biomarker of AD. During the AD, the level of 
BDNF considerably reduced in the rodent model when 
treated with colchicine, and it might take part in the 
reduction of the hippocampus region of the brain linked 
with the age-related memory decline in the late adulthood 
(32). Studies suggest that the BDNF gene is related to 
the late onset of AD. To identify the pathophysiology 
of the neurodegenerative disease, the rodent model is 
the crucial tool, and most of researchers used the animal 
models for elucidation of the neurological disease 
pathophysiology (33, 34). One of these experimental 
models, central injection of colchicine, was injected into 
the lateral ventricles, which is measured as appropriate 
cases of sporadic dementia of Alzheimer’s in humans. 
During the AD, the level of BDNF was considerably 
reduced in the hippocampal tissue as compared to 
the untreated rats and dose-dependently treatment of 
isoquercetin significantly increased the level of BDNF 
suggesting the neuroprotective effect via neurotrophin 
induction. Therefore, the ultimate goal of the current 
study was elucidating the possible neuroprotective effect 
of isoquercetin in the animal model of AD disease and 
explore the possible underlying mechanism. 

During the inducing the colchicine intracerebroventricular 
(icv), its start the reduction of BDNF level into the 
hippocampal tissue, decreased the level of Aβ peptide level 
into the hippocampal tissue as well as down-regulated 
the antioxidant enzymes, these parameter suggesting 
that the colchicine injection deteriorates the memory and 
learning ability (34, 35) and its also induces the oxidative 
stress, boost the inflammatory reaction as well as induces 
the injury in the central neuronal. Restoration of these 
enzymes and parameters via isoquercetin suggesting 
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the neuroprotective effect via enhancing the cognitive 
function. Definitely, this current experimental study 
showed the significant memory dysfunction in the Morris 
water maze test, as confirmed by considerably enhanced 
the initial acquisition latency, as well as 1st and 2nd 
retention latencies.  

Previous research suggests that the oxidative stress 
play a significant role in the expansion of AD (34, 35). 
Various studies suggest that oxidative stress related to 
ROS generation and take widely precipitation during the 
neurological and psychiatric disorder. During the induction 
of oxidative stress, frequently observed the imbalance 
between the pro-oxidant and endogenous antioxidant 
and its can be estimated via measured the redox state in 
the plasma. Endogenous antioxidant parameters such as 
SOD, CAT and GSH play a significant role to scavenge 
the free radicals (35, 36). During the colchicine induced 
AD, the level of free radical increase due to the induction 
of oxidative stress and reduced the level of endogenous 
antioxidant mechanism via increased the peroxidation 
(36, 37). CAT and SOD are considered as the first line 
antioxidant and both endogenous antioxidants scavenge 
the free radical especially the hydroxyl radicals (37, 38). 
Another antioxidant malonaldehyde (MDA) is the marker 
of lipid peroxidation and its take part in the oxidative 
stress and its also consider as the end product of the 
polyunsaturated fatty acid (PUFA) lipid peroxidation. 
The level of MDA significantly increased during the 
oxidative stress and its consider as the significant marker 
to estimate the oxidative stress throughout the body (37). 
During the experimental protocol, colchicine induced AD 
rats showed the increased level of MDA and isoquercetin 
significantly reduced the level of MDA at dose dependent 
manner. In the current protocol, the up-regulation of MDA 
and protein carbonyls level and down-regulation of CAT, 
GSH and SOD level were observed and dose dependent 
treatment of isoquercetin significantly reduced the level of 
MDA, protein carbonyls and increased the level of CAT, 
GSH and SOD, which suggest the reduction of oxidative 
stress in the brain. Result suggests the neuroprotective 
effect of isoquercetin via antioxidant nature. 

Another factor of AD pathogenesis, inflammatory, 
and oxidative stress may take part in the expansion of 
the disease. The presence of the NF-κB was thefirsttime 
recognized in the nuclear B cell. NF-κB is the significant 
transcription factor, which contributes to the activation 
of genes that are involved in the generation of pro-
inflammatory cytokines and induces neuroinflammation 
in AD. Several references suggest that the NF-κB, having 
the ability to merge the sequence-specific enhances of 
the immunoglobulins K light chain gene. During the 
generation of AD, the NF-κB level was increased in 
the senile plaques. Various research suggests that the 
activation of NF-κB and NF-κBp65 either directly or 
indirectly associated with the severity of AD and targeting 
the NF-κB is the best approach to treat AD. Isoquercetin 
already reported to reduce the NF-κB activation in the 
tumour cells and also induce the anti-inflammatory effect 

via suppressing the NF-κB activation in the lymphocytes 
(32). NF-κB activates pro-inflammatory cytokines 
such as IL-1β, IL-6, and TNF-α, which take part in the 
expansion or progression of inflammatory disease. It is 
well documented that neuro-inflammation play a crucial 
role in the expansion of neurodegenerative diseases, such 
as AD. Neuro-inflammation is involved in the microglial 
cells activation and also takes part in the participation 
of astrocytes and neurons. Recent research suggests that 
the pro-inflammatory cytokines such as IL-1β, IL-6, and 
TNF-α activate neuroinflammation and start the cognitive 
function destruction (27). Previous research suggests that 
the continuous generation of pro-inflammatory cytokines 
leads to the impairment of cognitive function in the brain. 
TNF-α, secrete from the plaques during the AD disease 
and also boost the secretion of IL-1β from the central 
nervous system. The up-regulation of IL-1β level in the 
hippocampus region showed the interfering of long-
term potentiating that induce cognitive impairment (21, 
26, 27). It also induced the suppression of the long-term 
potentiating, inducing the synaptic plasticity dysfunction 
in the hippocampus region of the brain. IL-1β also reduces 
the level of BDNF, which is indirectly reduced by LTP and 
also causes cognitive dysfunction. It is well documented 
that enhanced levels of pro-inflammatory cytokines, such 
as TNF-α and IL-1β in the hippocampus region of the 
brain are responsible for the dysfunction of postoperative 
cognitive (8). In the current protocol, isoquercetin 
significantly reduced the level of pro-inflammatory 
cytokines and suggestion the anti-inflammatory effect.

Previous research suggests that oxidative stress plays a 
significant role in the expansion of AD. Various studies 
suggest that oxidative stress and ROS generation are 
evident during the neurological and psychiatric disorders. 
Continuous generation of oxidative stress can induce 
apoptosis and cell death. During the induction of oxidative 
stress, frequently observed the imbalance between the 
pro-oxidant and endogenous antioxidants, and it could 
be estimated via measuring the redox state in the plasma. 
CAT and SOD are considered the first-line antioxidants, 
and the both endogenous antioxidants scavenge the 
free radicals, especially hydroxyl radicals (37, 38). The 
endogenous antioxidants, such as SOD, CAT, and GSH 
play a significant role in scavenging the free radicals 
(39, 40). During colchicine-induced AD, the level of 
the free radicals are increased due to the induction of 
oxidative stress and reduced the level of the endogenous 
antioxidant mechanism via increasing the peroxidation 
(38, 39). Another antioxidant MDA is the marker of lipid 
peroxidation, and it participates in oxidative stress, and it 
is also considered the end-product of the polyunsaturated 
fatty acid (PUFA) lipid peroxidation. The level of MDA 
significantly increased during the oxidative stress and it 
is considered a significant marker to estimate oxidative 
stress throughout the body (27). During the experimental 
protocol, colchicine-induced AD showed an increased 
level of MDA, while isoquercetin significantly reduced 
the level of MDA in a dose-dependent manner. In the 
current protocol, the up-regulation of MDA and protein 
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carbonyls level and down-regulation of CAT, GSH, and 
SOD level were observed. The dose-dependent treatment 
of isoquercetin significantly reduced the level of MDA, 
protein carbonyls, and it increased the level of CAT, GSH, 
and SOD, suggesting the reduction of oxidative stress in 
the brain. The results suggest the neuroprotective effect of 
isoquercetin via antioxidant nature. 

Conclusion
Isoquercetin did not demonstrate the impact of cell 

viability on the PC12 cells. PC12 cells treated with LPS 
had increased nitrile, and ROS levels, and the dose-
dependent isoquercetin treatment reduced the level 
of oxidative stress. The dose-dependent treatment of 
isoquercetin significantly altered the antioxidant, and 
pro-inflammatory parameter. Colchicine decreased the 
latency period and significantly increased the latency 
time and dose-dependent treatment of isoquercetin in the 
in vivo experimental study. Colchicine-induced group rats 
decreased levels of BDNF and AchE, while significantly 
increased levels of Aβ-peptide, P. carbonyl and dose-
dependent isoquercetin treatment increased levels of 
BDNF, AchE and decreased levels of Aβ-peptide, P. 
carbonyl. Colchicine-induced group rats increased the 
level of pro-inflammatory cytokines and inflammatory 
mediators and significantly reduced the level of pro-
inflammatory cytokines and inflammatory mediators 
through dose-dependent isoquercetin treatment. The 
result showed that isoquercetin significantly altered 
cognitive function and prevented neurochemical and 
neurobehavioral alteration against colchicine by inducing 
rats of AD through the antioxidant and anti-inflammatory 
mechanism.
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