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

1. Types of articles 

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

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

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

C. Systematic Reviews 

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

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

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

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

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

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

I. Debate.

2. Submission process

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

A. Author contributions statements

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

B. Cover letter and copyright

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



manuscript has been seen and approved by all authors and is not under active consideration for publication. It has neither 
been accepted for publication nor published in another journal fully or partially (except in abstract form). Also, no manuscript 
would be accepted in case it has been pre-printed or submitted to other websites 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, is it 
needed to suggest three peer reviewers in the field of their manuscript.

C. Manuscript preparation

Authors whose first language is not English encouraged to consult a native English speaker in order to confirm his manuscripts 
to American or British (not a mixture) English usage and grammar. It is necessary to mention that we will check the plagiarism 
of your manuscript by iThenticate Software.  The manuscript should be prepared in accordance with the "International 
Committee of Medical Journal Editors (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

Tel/Fax: + 98-21-22510895

Emails: Celljournal@royaninstitute.org
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Abstract
Objective: In the present study, we examined the tolerance-inducing effects of human adipose-derived mesenchymal 
stem cells (hAD-MSCs) and bone marrow-derived MSCs (hBM-MSCs) on a nonhuman primate model of skin 
transplantation. 

Materials and Methods: In this experimental study, allogenic and xenogeneic of immunomodulatory properties of 
human AD-MSCs and BM-MSCs were evaluated by mixed lymphocyte reaction (MLR) assays. Human MSCs were 
obtained from BM or AD tissues (from individuals of either sex with an age range of 35 to 65 years) and intravenously 
injected (2×106 MSCs/kg) after allogeneic skin grafting in a nonhuman primate model. The skin sections were evaluated 
by H&E staining for histopathological evaluations, particularly inflammation and rejection reaction of grafts after 96 
hours of cell injection. At the mRNA and protein levels, cellular mediators of inflammation, such as CD4+IL-17+ (T 
helper 17; Th17) and CD4+INF-γ+ (T helper 1, Th1) cells, along with CD4+FoxP3+ cells (Treg), as the mediators of 
immunomodulation, were measured by RT-PCR and flow cytometry analyses.  

Results: A significant Treg cells expansion was observed in MSCs-treated animals which reached the zenith at 24 hours 
and remained at a high concentration for 96 hours; however, Th1 and Th17 cells were significantly decreased. Our 
results showed that human MSCs significantly decrease Th1 and Th17 cell proliferation by decreasing interleukin-17 
(IL-17) and interferon-γ (INF-γ) production and significantly increase Treg cell proliferation by increasing FoxP3 
production. They also extend the allogenic skin graft survival in nonhuman primates. Histological evaluations showed 
no obvious presence of inflammatory cells or skin redness or even bulging after MSCs injection up to 96 hours, 
compared to the group without MSCs. There were no significant differences between hBM-MSCs and hAD-MSCs in 
terms of histopathological scores and inflammatory responses (P<0.05). 

Conclusion: It seems that MSCs could be regarded as a valuable immunomodulatory tool to reduce the use of 
immunosuppressive agents. 
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Introduction
Mesenchymal stem cells (MSCs), as a diverse 

population of plastic-adherent cells, exhibit fibroblast-
like morphology under the ex vivo culture conditions. 
MSCs do not express hematopoietic stem cell markers, 
and they are originally isolated from the bone marrow 

(BM), as well as other adult tissues, such as adipose tissue 
(1). In particular, adipose-derived MSCs (AD-MSCs) 
are regarded as an interesting source of MSCs, as the 
collection of adipose tissue is a less invasive procedure, 
and it is easily obtained, providing a considerable number 
of cells compared to BM-MSCs (2). AD-MSCs are well-
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known due to their immunomodulatory properties. 
Because of their immunosuppressive potential, 

even in the absence of immunosuppressive agents, 
allogeneic or even xenogeneic administration of these 
cells into immunocompetent recipients would be 
feasible. AD-MSCs have been used for the treatment 
of a wide range of diseases, since these cells do not 
express major histocompatibility complex-II markers 
and exert immunosuppressive properties mediated by 
prostaglandin E2 (3, 4). In addition, preclinical and 
clinical investigations have shown that AD-MSCs 
transplantation, as allogenic agents, are able to control 
graft-versus-host disease (GVHD). Considering the 
immunosuppressive and anti-inflammatory properties of 
human MSCs (hMSCs), several studies suggested MSCs 
as an appropriate modality for cell therapy compared to 
other cell types (5, 6). Different in vitro studies showed 
the suppression of lymphocytes alloreactivity in mixed 
lymphocytes cultures mediated by a human leukocytes 
antigen (HLA)-independent mechanism (7, 8).

Besides, some investigations demonstrated that the 
intravenous administration of MSCs improves the lung, 
renal and neural tissue features in animal models of injury, 
suggesting marked paracrine effects for MSCs. Moreover 
MSCs can tilt the balance of pro-inflammatory and anti-
inflammatory cytokines in favor of anti-inflammatory 
cytokine production at the site of injury (9). Different 
studies indicated that several immune cells involved in T 
lymphocytes proliferation and dendritic cells maturation are 
suppressed by MSCs; conversely, some indicated that MSCs 
are able to increase the production of anti-inflammatory 
cytokines or induce regulatory T cell (Tregs) activity (10-12). 

It has been shown that the auto-reactive T cells play crucial 
roles in the secretion of cytotoxic compounds, leading to 
early graft rejection during the post-transplant period (13). 
In contrast, Tregs are critical cells with immunomodulatory 
functions (14, 15). As a subpopulation of peripheral CD4+ 
T cells, Tregs have distinct surface (e.g.  CD4+CD25+) and 
intracellular (e.g. FoxP3+) markers and can confront T cell 
autoreactivity through the secretion of immunosuppressive 
cytokines and their surface receptors. Furthermore, they 
suppress antigen presentation via their inhibitory surface 
receptors, cytolytic function, and secretion of soluble 
factors (16). In view of these facts, approaches developed 
based on the increment of the number of Tregs, could 
effectively contribute to immunomodulation following skin 
grafting (17, 18). 

In this study, we compared the immunomodulatory 
properties of MSCs derived from different sources (i.e. 
BM and AD) in a nonhuman primate model of skin 
allograft.

Materials and Methods
Cell culture and isolation of mesenchymal stem cells 
from human bone marrow

In this experimental study, 100-150 ml of BM was 
aspirated from iliac crest of chosen patients (of either 

sex with an age range of 35 to 65 years) with radiologic 
evidence and 1.5 Tesla magnetic resonance imaging 
(MRI) (VB33DVision Plus; Siemens, Erlangen, 
Germany) of knee osteoarthritis (OA) who were selected 
for cell therapy under local anesthesia. Anesthesia was 
performed using a lidocaine solution (2%) and sedation 
by an intravenous injection of midazolam (0.1 mg/kg, 
Tehran Chemie pharmaceutical Co., Iran) and fentanyl 
(25-50 mg/100 mm, Aburaihan pharmaceutical Co., 
Iran). BM was collected in a centrifuge tube (50 ml, 
TPP, Switzerland), containing anti-coagulant (Heparin, 
Rotexmedica, Germany; 300 μl Rotexmedica for 50 ml of 
BM). The aspirated BM was diluted at a ratio of 1:1 with 
α-MEM medium (Gibco, USA); then, layered very gently 
onto Lymphodex solution (gravity: 1.077-1.080; Inno-Train 
Diagnostik, Germany) and centrifuged (Hettich Universal 
320, Germany) at 1400 rpm for 30 minutes to collect 
mononuclear cells (MNCs). MNCs were then re-suspended 
in 5ml of α-MEM (Gibco, USA) supplemented with 10% 
fetal bovine serum (FBS, Hyclone, USA), 1% L-glutamine 
(L-glu, Gibco, USA), and 1% penicillin/streptomycin (pen/
strep, Gibco, USA). The culture was maintained at 37oC in a 
humidified atmosphere (Labotect CO2-incubator, Germany), 
containing 95% air and 5% CO2 and passaged every 3 days. 
Fibroblast-like MSCs became ready for the characterization 
after the third passage.  

All animal care, experimental, and transplantation 
processes and postoperative euthanasia were performed 
in strict accordance with the ethical principles of the 
NIH Guide for the Care and Use of Laboratory Animals 
(NIH Publication No. 85-23, revised 2010) following 
the approval of the Institutional Review Board and 
Institutional Ethics Committee of Royan Institute 
(approval No. EC.92.1005).

Cell culture and isolation of mesenchymal stem cells 
from human adipose tissue

Adipose tissue was first isolated by liposuction from 
abdominal subcutaneous fat of individuals (of either sex 
with an age range of 35 to 65 years) and then, transferred 
into a sterile tube (50 ml, TPP, Switzerland), containing 
phosphate-buffered saline (PBS, Gibco, USA) and 1% 
pen/strep (Gibco, USA). The tube was kept on the ice. 
The adipose tissue was washed several times with sterile 
water to remove red blood cells. Then, the tissue (which is 
normally between 150-250 ml) was sectioned into smaller 
pieces and 0.075% collagens I (Sigma, USA) was added 
for digestion. The tissues were placed in an incubator 
(with 5% CO2 at 37˚C) for 2 hours, while spinning 
every 15 minutes. After 2 hours, α-MEM (Gibco, USA, 
at twice concentration of the enzyme) was added to the 
tube to neutralize the enzyme by pipetting up and down 
to release the cells from adipose tissue. Then, the sample 
was centrifuged at 1500 rpm for 5 minutes, and the 
pellet (stromal vascular fraction) was diluted in 4-5 ml 
of α-MEM (Gibco, USA). Afterward, the suspension was 
passed through a Mesh filter (Falcon, UK). The cells were 
transferred to a 25T flask (TPP, Switzerland), containing 
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α-MEM supplemented with 10% FBS (Hyclone, USA), 
1% pen/strep (Gibco, USA), and 1% L-glu (Gibco, USA) 
and kept in an incubator (with 5% CO2 at 37˚C). The 
medium was replaced with a fresh medium every four 
days until reached 90% confluency. The cell culture was 
continued until the third passage. 

Analysis of the cell surface markers of human bone 
marrow-derived mesenchymal stem cells and adipose-
derived mesenchymal stem cells

Surface markers of human bone marrow-derived 
mesenchymal stem cells (hBM-MSCs) and  adipose-
derived mesenchymal stem cells (hAD-MSCs) were 
analyzed using fluorescence-activated cell sorting (FACS, 
BD Pharmingen, USA). For immunophenotyping, hBM-
MSCs and hAD-MSCs were dissociated in 0.05% trypsin-
EDTA (Gibco, USA) and washed in PBS (Gibco, USA) 
supplemented with 1% heat-inactivated FBS (Hyclone, 
USA) and 2 mM EDTA (Merck, Darmstadt, Germany). 
Next, 4-5×105 cells were incubated with primary antibodies 
for surface markers for two hours and with the secondary 
antibodies for 30 minutes, both done at 4˚C. Surface markers 
that were analyzed included CD44, CD73 (BD Pharmingen, 
USA), CD105 (R&D Systems Inc, Minneapolis, MN, 
USA) conjugated with phycoerythrin (PE)-Mouse IgG1k 
(BD PharmingenTM, Cat NO: 551436) and CD90 
(Dako, Glostrup, Denmark) conjugated with fluorescein 
isothiocyanate (FITC)-Mouse IgG2b (Millipore, Cat NO: 
MABC006F), which were supposed to be expressed by 
fully differentiated MSCs, as well as CD34 and CD45 (BD 
Pharmingen) conjugated with FITC, which are markers of 
hematopoietic stem cells (HSCs), and they are not expressed 
on MSCs. In all experiments, controls were stained with 
appropriate isotype-matched antibodies. The flow cytometry 
analysis was performed triplicate using a BD FACS Calibur 
Flow Cytometer (BD Biosciences, Franklin Lakes, NJ, 
USA). Data were analyzed by WinMDI 12.9 software 
(freeware from Joe Trotter, The Scripps Research Institute, 
La Jolla, CA, USA).

Lineage differentiation for characterization of human 
bone marrow-derived mesenchymal stem cells and 
adipose-derived mesenchymal stem cells

For further characterizations, osteogenic and adipogenic 
differentiations of hBM- and hAD-MSCs were induced 
using the following protocol. In this stage, 1×104 cells 
per well (TPP, Switzerland) were seeded in 6-well plates 
and treated with conductive medium for 21 days. The 
media of wells were changed every three days. At 50% 
confluency, the medium was supplemented with 0.5 µM 
ascorbic acid-2-phosphate (Sigma-Aldrich, USA), 1 
µM dexamethasone (Stem Cell Technologies, Canada), 
and 10 mM β-glycerophosphate (Sigma-Aldrich, USA) 
for osteogenic induction. The cells were analyzed for 
mineralization using alizarin red (Sigma-Aldrich, USA) 
staining. To induce adipogenic differentiation, cells 
were incubated with complete medium including 50 
µg/ml indomethacin (Sigma-Aldrich, USA), 100 nM 

dexamethasone (Sigma-Aldrich, USA), insulin (Sigma-
Aldrich, USA), and 3-isobutyl-1-methylxanthine (Sigma-
Aldrich, USA). Finally, the cells were analyzed for lipid 
content by oil-red (Sigma-Aldrich, USA) staining. 

Non-proliferating lymphocytes analysis using cell 
proliferation assay

Responder T cells were first labeled with 
carboxyfluorescein diacetate succinimidyl ester (CFSE) 
(Invitrogen, USA). For this purpose, responder T cells 
were labeled with 1 µM of CFSE for 15 minutes at 37˚C in 
PBS (Gibco, USA) supplemented with 0.1% bovine serum 
albumin (BSA, Sigma-Aldrich, USA). Cells were washed 
twice with PBS (Gibco, USA) + 1% FBS (Hyclone, USA), 
re-suspended in media+10% FBS (Hyclone, USA), and 
incubated at room temperature for further 10 minutes. 
Then, the cells were collected and analyzed by flow 
cytometry. Immunomodulatory properties of hAD-MSCs 
and hBM-MSCs were assessed in the MLR medium, 
including responder (R) and stimulator (S) human T cells 
(R+S+AD-MSCs), and CFSE-labeled responder T cells 
were added to cultured MSCs at different ratios of 1:10, 
1:5, 1:1 and 2:1 co-culture ratio of MSCs to responder T 
cells for 24, 48, 72, and 96 hours (Fig.1A-C).

Immunosuppressive activity of mesenchymal stem 
cells in mixed lymphocyte reaction 

For the assessment of immunomodulatory properties of 
allogenic hAD-MSCs and hBM-MSCs, MNCs were isolated 
from the peripheral blood of humans. For the evaluation of 
immunomodulatory properties of xenogeneic hAD-MSCs 
and hBM-MSCs, MNCs were isolated from the peripheral 
blood of monkeys by the Lymphodex solution (gravity: 
1.077-1.080; Inno-Train Diagnostik, Germany) and used as 
stimulators and responders. For peripheral blood sampling 
from primates, the tibial vein was used. Then, the skin over 
the venipuncture site was sterilized using alcohol (70%). For 
blood sampling, a needle (1.2-2.0 mm) and a syringe (2.5-10 
mL) were used. Then, the needle was withdrawn, and the area 
over the vein was put under pressure for at least one minute, 
to avoid hematoma formation. Then, peripheral blood (5 
ml) was collected under heparin (Heparin, Rotexmedica, 
Germany) and MNCs were isolated from heparinized blood 
by gradient centrifugation as stimulators and responders.  
The stimulators, but not the responders, were treated with 
mitomycin C (MMC, M0503, Sigma-Aldrich, USA) (50 
μg/ml at 37˚C for 1 hour). The stimulators (5×105/well) 
and responders (2.5×105/well) as the experimental groups 
were loaded into a 96-well plate and MMC-treated MSCs 
(2.5×105/well) were added. After 5-day routine culture, the 
MTT solution (5 mg/ml PBS) (Sigma-Aldrich, USA) was 
added, and the cells were incubated for 4 hours at 37˚C. 
Afterwards, the MTT solution was removed, and 200 µl 
DMSO (WAK-Chemie Medical, Germany) was added. The 
extinction of the solution was measured at 570 nm using a 
Multiskan Bichromatic microplate reader (Labsystems, 
Helsinki, Finland) to assay immunosuppressive activity 
(Figs.1D-F, 2A-C).
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Fig.1: Allogenic immunomodulatory properties of in vitro expanded hAD-MSCs obtained from the aspirate of adipose tissue. A-C. Immunomodulatory properties 
of hAD-MSCs were assessed in the MLR medium following co-culture of hAD-MSCs and responder (R) and stimulator (S) human T cells (R+S+AD-MSCs) at different 
ratios (1:10, 1:5, 1:1, and 2:1) and different time periods (24, 48, 72, and 96 hours). The cell ratio of 1:1 and culture period of 72 hours were selected as the 
optimal conditions. The comparison of the immunomodulatory properties of D. hAD-MSCs (n=5 patients) and E. hBM-MSCs (n=8 patients), was made under the 
optimal conditions in the MLR medium. No significant difference was observed among R+S and R+S+BM-MSCs (patients 1, 3, and 5), and R+S+AD-MSCs (patient 
1). F. Also, no significant difference was found between hAD-MSCs and hBM-MSCs. Data are presented as the mean ± standard deviation. *; P<0.05, **; P<0.01, 
***; P<0.001, hAD-MSCs; Human adipose-derived mesenchymal stem cells, hBM-MSCs; Human bone marrow-derived mesenchymal stem cells. MLR; Mixed 
lymphocyte reaction, BM-MSCs; Bone marrow-derived mesenchymal stem cells, and AD-MSCs; Adipose-derived mesenchymal stem cells.
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Human mesenchymal stem cells transplantation into 
healthy monkeys

After washing hAD-MSCs and BM-MSCs twice with 
PBS (Gibco, USA)+1% FBS (Hyclone, USA), the cells 
were re-suspended in media supplemented with 10% 
FBS (Hyclone, USA) and incubated at room temperature 
for further 10 minutes. Then, rhesus monkeys were 
intravenously injected with approximately 2×106 MSCs/
kg. The blood specimens as heparinized were collected at 
certain time points (i.e. 6, 12, 24, 48, 72, and 96 hours) 
and assessed by real-time polymerase chain reaction (RT-
PCR) and flow cytometry. 

Real-time polymerase chain reaction 
cDNA was synthesized using 100 ng total RNA 

by SuperScript™ III Reverse Transcriptase (Life 
Technologies, USA) and amplified by ExTaq (Takara, 
Japan). RT-PCR was performed using Platinum SYBR 
Green qPCR SuperMix-UDG plus ROX (Invitrogen, 
USA), according to the manufacturer’s instructions in an 
ABI7300 RT-PCR System (Applied Biosystems, USA). 
Primer sequences were as follows: 
GAPDH-
F: 5´-CTCATTTCCTGGTATGACAACGA-3´
R: 5´-CTTCCTCTTGTGCTCTTGCT-3´
FoxP3-
F: 5´-CCAGCCATGATCAGCCTCAC-3´
R: 5´-CCGAAAGGGTGCTGTCCTTC-3´
INF-γ-
F: 5´-GGTTCTCTTGGCTGTTACTG-3´
R: 5´-TCTTTTGGATGCTCTGGTCA-3´ 
IL-17-
F: 5´-AACCGATCCACCTCACCTTG-3´
R: 5´-CCCACGGACACCAGTATCTT-3´.

Real-time PCR data were analyzed by an ABI PRISM 
7500 RT-PCR program. RT-PCR program included 
polymerase activation and initial denaturation (95˚C, 10 
minutes), denaturation (95˚C, 10 minutes), annealing and 
extension (60˚C, 60 seconds) for 40 cycles. All of the 
absolute data were normalized against a housekeeping 
gene (GAPDH) and control group, including embryonic 
stem cells (ESCs) and mouse embryonic fibroblast (MEF) 
using the ∆∆Ct method. The assay was run in triplicate to 
obtain gene expression data. 

Intracellular staining for flow cytometry 
Single T cell suspensions (0.1×106 cells) were washed 

with BD Perm/Wash Buffer (BD, London, UK). After 
washing, 200 μl BD Cytofix/Cytoperm solution (BD, 
USA) was added to each cell pellet, and the cells were 
incubated for 20–30 minutes at 4˚C. The cells were then 
washed twice with BD Perm/Wash Buffer and incubated 
in PBS (pH=7.4) (Gibco, USA), containing 5% BSA 
(Sigma-Aldrich, USA) for 10-15 minutes at room 
temperature. After washing with BD Perm/Wash Buffer, 

the cells were aliquoted into tubes and then treated with 
a conjugated antibody based on the manufacturer’s 
protocol (i.e., incubated for 30-45 minutes at 4˚C in dark). 
Th-1 and Th-17 cells were examined for the expression of 
intracellular cytokines IL-17 (eBioscience, USA), IFN-γ 
(BD Bioscience, USA), Foxp3 (Biolegend, San Diego, 
CA, USA), and CD25 (BD Bioscience) conjugated 
with PE-labelled mouse anti-human antibodies and 
CD4 conjugated with FITC-labelled mouse anti-human 
antibodies, as well as PE-conjugated mouse IgG1 isotype 
control (BD Bioscience) by cell staining. All samples 
were analyzed by a flow cytometer (BD FACSCaliburTM, 
USA) and FlowJo software.

ELISA assay for cytokine production
As the control and responder T cells to immunosuppressive 

factors, at the protein level, T cells isolated from rhesus 
after allogenic skin grafting and before hAD-MSCs 
transplantation, were exposed to TGF-β (10 and 20 ng/
ml) (Sigma-Aldrich, USA) as an immunosuppressive 
factor, and the percentage of IL17 and IFN-γ were 
decreased. The supernatant of wells, containing T cells 
treated with TGF-β (10 and 20 ng/ml) was evaluated for 
IL-17 and IFN-γ, as immunomodulatory cytokines, using 
a commercially available enzyme-linked immunosorbent 
assay (ELISA; eBioscience, USA), according to the 
manufacturer’s protocol.

Rhesus model of skin allograft
Eight healthy male rhesus monkeys (weighing 3-5 kg) 

were used for the induction of a model of skin allograft. 
Monkeys were gifted from the Royan Institute Primate 
Research Center. In this study, we used the minimum 
possible number of animals. Animals were housed 
individually in latticed cages (2×2×2 m3), and they had 
free access to food and water throughout the study. The 
cages were equipped by door handles for animal visit, 
sampling, and injection. The cage floor was made of 
PVC (Polyvinyl chloride) pipes for the prevention of 
bedsores. Also, these pipes allow the drainage of urine 
and stool. Also, they were assessed for tuberculosis, 
simian immunodeficiency virus, herpes viruses A and B, 
and hepatitis viruses A and B. To ensure that monkeys 
receiving transplanted skin are not genetically identical by 
a chance, ABO grouping, HLA typing (HLA-ABC-FITC 
and HLA-DR-PE, eBioscience, USA), RBC cross-match 
(Table 1), and mixed-lymphocyte reaction test were 
performed before transplantation on donor and recipient 
lymphocytes for tissue typing before transplantation. 
Then, eight monkeys were divided into two groups. 
In each group, four monkeys underwent heterotopic 
cross skin grafts transplantation (4×4 cm skin patch) 
pairwise under inhaled anesthesia Generally, donor 
skin grafts are typically taken from the back wall and 
implanted on the back of the recipient site to reduce 
the probability of animal picking at the graft site. It is 
essential to remove cutaneous fat tissue from the skin 
graft before transplantation; however subcutaneous 
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tissue and microvasculature are not removed from the 
recipient site. For one pair, one monkey received a total 
of 2×106 hBM-MSCs/kg (test), while another received 
no treatment (control). For another pair, oe monkey 
received a total of 2×106 hAD-MSCs/kg (test), whereas 
another received no treatment (control).  The cells were 
intravenously transplanted into rhesus monkeys on day 
0. Allograft rejection was monitored macroscopically 
by graft peripheral redness and bulging, and 
histological evaluations of rejection were carried out 
microscopically on the skin biopsy at appropriate time 
points.

Histopathological analyses and qualitative evaluations 
of inflammation and rejection

Histopathological analyses were performed 96 hours 
after allogenic skin grafting. Tissues were washed 
twice with PBS (Gibco, USA) and then fixed with 
4% paraformaldehyde (Sigma-Aldrich, USA) for 24 
hours at 4˚C. Afterwards, the tissues were dehydrated 
through a series of graded alcohol solutions and 
xylol and then embedded in paraffin. The paraffin-
embedded tissues were sectioned into 5-μm thick 
sections, mounted on poly-l lysine (Sigma-Aldrich, 
P1524, USA)-coated glass slides and placed in an oven 
at 60˚C for 12 hours. Next, they were deparaffinized 
and dewaxed in xylene, stained with hematoxylin and 
eosin (H&E) and observed under a light microscope. 
To assess the presence of rejection, H&E-stained 
sections were examined and scored for inflammation, 
as previously described. Briefly, inflammatory cells, 
including polymorphonuclear leukocytes (PMNs), 
non-phagocytic cells, and phagocytic cells were scored 
based on the following scales: 0: No cell, 1: 1 to 5 
cells per high-power field (hpf=400x), 2: 6 to 25 cells 
per high-power field (hpf=400x), 3: 26 to 50 cells per 
high-power field, 4: 51 to 75 cells per high-power field, 
5: 76 to 100 cells per high power-field and 6: Over 
100 cells per high-power field. Also, epidermis was 
scored as follows: 0: Normal, 1: Completely healed, 
2: Healed but thin, 3: Ulcerative but healing and 4: 
Completely ulcerative or destroyed. Since we did not 

have more than two animals, histopathological scores 
were not statistically analyzed, and the evaluations of 
inflammation and rejection were only presented as a 
situational report on MNCs infiltration, presence and 
absence of phagocytic and non- phagocytic cells, and 
epidermis destruction or healing. 

In vivo analysis of Th1, Th17 and T reg populations
To test the immunomodulatory effect of hMSCs on 

Th1, Th17 and Treg population and related cytokines 
production, in vivo assays were carried out as follows; 
a total of 2×106 of hBM-MSCs/kg or hAD-MSCs/kg 
were intravenously injected to rhesus monkeys on day of 
skin grafting. Peripheral blood MNCs (PBMNCs) were 
isolated from heparinized blood by gradient centrifugation 
at appropriate time points (24, 48, 72, and 96 hours) 
following transplantation and then, Th1 markers (anti-
CD4 and anti-IFN-γ), Th17 markers (anti-CD4 and anti-
IL-17) and Treg markers (anti-CD4 and anti-FoxP3) were 
analyzed using flow cytometry. 

In vivo cytokine assessments
To determine the mRNA levels of cytokines released 

by T cells, some MNCs isolated in the above-noted 
experiment, were analyzed for mRNA level of cytokines, 
such as IFN-γ, IL-17, and FoxP3, which are released by 
Th1, Th17 and Treg, respectively. 

Statistical analysis

Because of having a small sample size, histopathological 
evaluations were reported as descriptive and each report 
was confirmed or rejected with additional experiments. 
Cellular data were measurable as statistical comparisons, 
and the analysis was conducted by the GraphPad Prism 
version 7.03 (GraphPad Software, Inc., USA). Data 
are presented as mean ± standard deviation (SD) of the 
mean for a minimum of three measurements at each time 
point. Statistical analysis was performed using one-way 
ANOVA to evaluate significant differences between 
groups at P<0.05.

Table 1:  ABO grouping, RBC cross-matching, and HLA typing of monkeys 

Blood 
typing

Monkey  
code

ABO/Rh RBC HLA

cross-match 
scores

A B DR

14 5 7 18 19 23 24 34 39 43 44 45 46 47 48 10 14 16 17 18

No cell 2005 B- +2 * - * - - * * * * * - - - * * - - - - -

BM-MSCs 2010 B- +2 * * * * - * * - * * * - - * * - * * * -

No cell 2017 B- +2 * * * - - - * - * - - * - * * - - - - -

AD-MSCs 2011 B- +2 * * * - * * * - * - * - * * * * - - - *

47: HLA-B and 48: HLA-B were considered controls., ABO blood group, RBC; Red blood cells, HLA; Human leukocyte antigen, BM-MSCs; Bone 
marrow-derived mesenchymal stem cells, and AD-MSCs; Adipose-derived mesenchymal stem cells.
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Results
Characterization of human adipose-derived mesenchymal 
stem cells and bone marrow-derived mesenchymal stem cells

hAD-MSCs and BM-MSCs obtained from Royan 
Stem Cell Bank (RSCB) showed a fibroblastic spindle-
shaped morphology after two weeks of culture. To verify 
differentiation capacity, hAD-MSCs and BM-MSCs were 
differentiated into adipocyte and osteocyte lineages in specific 
induction media. Oil red and alizarin red dye were used to 
examine adipogenic and osteogenic differentiation capacity, 
respectively. Immunophenotypic characterization of MSCs 
was performed by a Flow cytometer (BD FACSCaliburTM) 
and FlowJo software. MSCs (hAD vs. hBM) were positive for 
CD44 (83 vs. 99.54%, respectively), CD73 (89 vs. 94.06%, 
respectively), CD90 (94 vs. 88.91%, respectively) and CD105 
(77 vs. 96.74%, respectively), as mesenchymal stem cell 
markers. The results showed that hAD-MSCs and hBM-MSCs 
were not contaminated by hematopoietic cell lineages [i.e. cells 
were CD34 and CD45 negative) (Fig.S1, See Supplementary 
Online Information at www.celljournal.org]. 

In vitro immunosuppressive capacity of human 
adipose-derived mesenchymal stem cells and bone 
marrow-derived mesenchymal stem cells

Allogenic immunomodulatory properties of hAD-MSCs 
were assessed in the MLR medium, containing responder (R) 
and stimulator (S) human T cells (R+S+AD-MSCs) at different 

ratios of 1:10, 1:5, 1:1, and 2:1 at various time periods (24, 48, 
72, and 96 hours). The cell ratio of 1:1 and culture period of 72 
hours, showed optimal results (Fig.1A-C). Immunomodulatory 
properties of hAD-MSCs (n=5 patients) (Fig.1D) and hBM-
MSCs (n=8 patients) (Fig.1E) were assessed at optimal ratios 
in the MLR medium. There were no significant differences 
among R+S and R+S+BM-MSCs (patients 1, 3, and 5), and 
R+S+AD-MSCs (patient 1). So, these patients were excluded 
at later stages. There were no significant differences between 
hAD-MSCs and hBM-MSCs (Fig.1F). 

Xenogeneic immunomodulatory properties of human AD-
MSCs (Fig.2A) and BM-MSCs (Fig.2B) were evaluated in 
the MLR medium by co-culturing hAD-MSCs, responder 
(R) and stimulator (S) monkey T cells (R+S+AD-MSCs) 
under optimal conditions (i.e., at the ratio of 1:1 for 72 
hours). Immunomodulatory properties of hAD-MSCs (from 
patients 2, 3, 4, and 5) and hBM-MSCs (from patients 2, 4, 
6, 7 and 8) were evaluated under optimal conditions in the 
MLR medium. There were significant differences among 
R+S, R+S+BM-MSCs, and R+S+AD-MSCs in all groups. 
However, there was no significant difference in xenogeneic 
immunomodulatory properties when comparing hBM-MSCs 
and hAD-MSCs (Fig.2C). In vitro immunomodulatory 
effects of hAD-MSCs and hBM-MSCs on rhesus T cells 
subset were assessed. Significant differences were observed 
in the mRNA level of IL-17 (Th17), IFN-γ (Th1) and Treg 
(FoxP3) between hBM-MSCs and hAD-MSCs, as compared 
to R+S alone (Fig.2D). 

Fig.2: Xenogeneic immunomodulatory properties of hAD-MSCs and hBM-MSCs. A. Xenogeneic immunomodulatory properties of human AD-MSCs and B. BM-
MSCs were evaluated in the MLR medium following co-culture of hAD-MSCs and responder (R) and stimulator (S) monkey T cell (R+S+AD-MSCs) under the optimal 
conditions (i.e., at the ratio of 1:1 for 72 hours). The comparison of the immunomodulatory properties of hAD-MSCs (patients 2, 3, 4, and 5) and hBM-MSCs 
(patients 2, 4, 6, 7 and 8) was made under the optimal conditions in the MLR medium. C. Significant differences were found among R+S and R+S+BM-MSCs, and 
R+S+AD-MSCs in all groups. Also, no significant difference was observed in xenogeneic immunomodulatory properties between hBM-MSCs and hAD-MSCs. D. In 
vitro immunomodulatory effects of hAD-MSCs and hBM-MSCs on rhesus T cells subset were assessed. There were significant differences in the mRNA level of IL-17 
(Th17), IFN-γ (Th1) and Treg (FoxP3) among hBM-MSCs and hAD-MSCs, and R+S. Data are presented as the mean ± standard deviation. *; P<0.05, **; P<0.01, ***; 
P<0.001, hAD-MSCs; Human adipose-derived mesenchymal stem cells, and hBM-MSCs; Human bone marrow-derived mesenchymal stem cells.

A B

C D

http://www.celljournal.org
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In vivo immunomodulatory effect of hMSCs on T cells 
of healthy recipient monkeys

hAD-MSCs and hBM-MSCs (approximately 2×106 
MSCs/animal) were intravenously injected to healthy 
rhesus monkeys (Fig.3A). The blood samples were 
assessed for FoxP3+ T cells (by RT-PCR, Fig.3B) and 
CD4+CD25+ T cells (by flow cytometry) (Fig.3C) at 
appropriate time points (6, 12, 24, 48, 72, and 96 hours). 
No significant difference was found in xenogeneic 
immunomodulatory properties between hBM-MSCs and 
hAD-MSCs in a healthy recipient monkey, 6-96 hours after 
MSC transplantation. However, there was a significant 
difference in xenogeneic immunomodulatory properties 
between hBM-MSCs and hAD-MSCs in Foxp3+ T 
cells and CD4+CD25+ T cells (P<0.05), 24-96 hours 
after MSC transplantation. Also, there was a significant 
difference in xenogeneic immunomodulatory properties 
between hBM-MSCs and hAD-MSCs in Foxp3+ T cells 
(P<0.05) and CD4+CD25+ T cells (P<0.001), before 24 
hours of MSC transplantation (Fig.3B, C).

Skin grafting and immunomodulatory effects of 
human adipose-derived mesenchymal stem cells

Immunomodulatory effects of hAD-MSCs were 
evaluated on T cell subsets after skin grafting at different 
time points (6, 12, 24, and 48 hours, Fig.3D). Foxp3, IL-17 
and INF-γ expression levels were compared after grafting 
hAD-MSCs (48 hours) and the skin (Fig.3E). At the protein 
level, as a control, T cells of rhesus after allogenic skin 
grafting and before hAD-MSCs transplantation were treated 
with TGF-β (10 and 20 ng/ml) as a immunosuppressive 
factor, and the percentages of IL17 and IFN-γ were decreased 
(Fig.3F). Results showed that after hAD-MSCs injection, 
CD4+IL-17+ (Th17) and CD4+INF-γ+ (Th1) cells were 
decreased, while CD4+FoxP3+ cells (Treg) were increased 
(Fig.3G-I).

Comparative immunomodulatory effect of human 
adipose-derived mesenchymal stem cells and bone 
marrow-derived mesenchymal stem cells after skin 
grafting 

HAD-MSCs and hBM-MSCs (2×106 MSCs/kg) were 
intravenously transplanted into rhesus monkey on 
the day of skin grafting (Fig.4A). The skin sections 
were analyzed by H&E staining for inflammation and 
rejection, 96 hours after transplantation. Histological 
assessments showed no trace of inflammation and 
exhibited redness or bulging in the internal part of 
skin biopsies after MSCs transplantation up to 96 
hours, compared to the group without MSCs (Fig.4B). 
However, there were no significant differences between 
hAD-MSCs and hBM-MSCs in histopathological 
scores in terms of PMNs, non-phagocytic cells, 
and phagocytic cells counts and destroyed epidermis 
(Table.2). Also, RT-PCR and flow cytometry were used 
to detect Th1 (ani-CD4 and anti-IFN-γ), Th17 (anti-CD4 
and anti-IL-17) and T regulatory markers (anti-CD4 and 
anti-FoxP3). At the mRNA level, after the intravenous 
transplantation of MSCs, the percentages of Th1 and Th17 
cells were reduced, while the percentage of Treg cells 
was increased (Fig.4C). Also, at the protein level, after 
intravenous transplantation of MSCs, the percentages 
of Th1 and Th17 cells were decreased, while Treg cells 
were increased (Fig.4D). These results showed that MSCs 
have immunomodulatory properties. However, there was 
a pilot in vivo evaluation with a small sample size of 
monkeys because of some limitations in time and cost for 
the proof-of-concept of immunomodulatory properties of 
MSCs. So, we could not draw any significant conclusion 
on the efficacy due to the experiment design, including 
limited sample size, lack of control group, and single-dose 
infusion. It seems that we need more animal samples, skin 
biopsies and other tissue samples to perform the statistical 
analysis of immunomodulatory properties of MSCs after 
transplantation in future studies. 

Table 2: Inflammatory cells and epidermal healing scoring after skin transplantation with and without MSCs up to 96 hours

Groups Site Inflammatory cells Epidermis

Destroyed (0 to 4)

PMNs (0 to 6) Non-Phagocytic cells (0 to 6) Phagocytic cells (0 to 6)

No cell Ext 0 1 1 0

Int 5 N/A N/A 3

BM-MSCs Ext 0 2 1 0

Int 6 N/A N/A 4

No cell Ext 6 1 1 1

Int 3 1 0 2

AD-MSCs Ext 0 2 2 1

Int 4 N/A N/A 3

Ext; External biopsy, Int; Internal biopsy, N/A; Not applicable (because of the presence of acute inflammation), PMN; Polymorphonuclear cells, Non-
phagocytic cells; Lymphocytes and plasma cells, BM-MSCs; Bone marrow-derived mesenchymal stem cells,  and AD-MSCs; Adipose-derived mesenchymal 
stem cells.
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Fig.3: Immunomodulatory effects of hAD-MSCs and hBM-MSCs transplantation on T cell subsets in a healthy monkey recipient and immunomodulatory 
effects of hAD-MSCs transplantation on rhesus T cell subsets after skin grafting. A. A schematic overview of in vivo cell transplantation in a healthy 
monkey recipient. B, C. No significant differences in xenogeneic immunomodulatory properties were found between hBM-MSCs and hAD-MSCs in 
a healthy monkey recipient, 6-96 hours after cell transplantation. However, a significant difference was found in xenogeneic immunomodulatory 
properties when comparing hBM-MSCs and hAD-MSCs in terms of Foxp3+ T cells and CD4+CD25+ T cells (*P<0.05), 24-96 hours after cell 
transplantation. Also, a significant difference was observed in xenogeneic immunomodulatory properties between hBM-MSCs and hAD-MSCs in 
terms of Foxp3+ T cells (*P<0.05) and CD4+CD25+ T cells (***P<0.001), before 24 hours of cell transplantation. D. Schematic overview of in vivo 
hAD-MSCs transplantation with skin graft. E. Immunomodulatory effect of hAD-MSCs transplantation on monkey T cells subsets 48 hours after 
skin grafting in a monkey model. F. As a control, at the protein level, T cells of rhesus after skin graft and before hAD-MSCs transplantation were 
exposed to TGF-β (10 and 20 ng/ml) as an immunosuppressive factor, and the percentage of IL17 and IFN-γ were decreased. G-I. At the protein 
level, after hAD-MSCs IV transplantation, 6-48 hours after cell transplantation, the percentage of CD4+IL-17+ and CD4+INF-γ+ cells, as the cellular 
mediators of inflammation, was decreased, while the number of CD4+FoxP3+ cells, as the mediators of immunomodulation, was increased. Data 
are presented as the mean ± standard deviation. *; P<0.05, ***; P<0.001, hAD-MSCs; Human adipose-derived mesenchymal stem cells, and hBM-
MSCs; Human bone marrow-derived mesenchymal stem cells. h; Hour; IL; Interleukin ,and IFN; Interferon.
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Fig.4: Immunomodulatory effect of human adipose-derived mesenchymal stem cells (hAD-MSCs) and human bone marrow-derived mesenchymal stem 
cells (hBM-MSCs)  transplantation on rhesus T cell subsets after allogenic skin grafting. A. A schematic overview of in vivo cell transplantation with skin 
grafting. Immunomodulatory effects of hAD-MSCs and hBM-MSCs transplantation on monkey T cells subsets 24, 48, 72, and 96 hours after skin grafting 
in a monkey model. B. Inflammatory features, such as redness and bulging can be detected around skin graft area without cell transplantation. Visual 
inspection and histopathological analysis of transplanted tissues showed mild inflammation around allogenic skin graft after cell transplantation compared 
with monkeys receiving no cell transplantation and showed severe inflammation. C. At the mRNA level, after IV transplantation of hBM-MSCs and hAD-
MSCs, the percentages of Th1 and Th17, as the cellular mediators of inflammation, were decreased, while the percentage of Treg, as mediators of 
immunomodulation, was increased. D. Also, at the protein level, after IV transplantation of hBM-MSCs and hAD-MSCs, the percentages of Th1 and Th17 
were decreased, while the number of Tregs was increased.   
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Discussion
Several experiments showed that the beneficial paracrine 

effects of MSCs transplantation are stronger than their 
differentiation ability (19). MSCs are now known to 
have potent anti-inflammatory and immunomodulatory 
properties besides their regenerative capacities (20, 
21). The immunomodulatory potential of hBM-MSCs 
and hAD-MSCs has led to their application against 
various inflammatory and auto-immune disorders 
as well as organ transplantation (22). In this regard, 
studies showed that autologous or allogenic MSCs 
could suppress the proliferation of both CD4+ and 
CD8+ T lymphocytes, which were stimulated by 
mitogens or specific antigens (23) via mechanisms, 
which are not limited to major histocompatibility 
complex [MHC, (7)]. In addition, MSCs affect other 
T cells functions, including a decrement in pro-
inflammatory factors, such as IFN- γ, IL-2, and TNFα, 
along with an increment in the secretion of IL-4 and IL-
10, which are well-known for their anti-inflammatory 
effects (24). Although several studies have reported 
the immunosuppressive effects of MSCs on other 
immune cells, such as B cells (25), neutrophil cells 
(26), natural killer (NK) cells (27) and dendritic cells 
[DC, (28)]. in vitro and in vivo studies highlighted the 
increased generation of CD4+CD25+ T regulatory 
cells as a critical part of MSCs immunosuppressive 
effects (21, 29). 

MSCs act via cell-cell contact and releasing soluble 
factors, such as transforming growth factor (TGF)-β, 
hepatocyte growth factor (HGF) (30), prostaglandin 
E2 [PGE2, (31)]. indoleamine-2,3-dioxygenase, inducible 
nitric-oxide synthase [iONS, (32)]. and IL-10 (33), 
which promote lymphocytes suppression, and they 
were reported to be potentially responsible for 
immunomodulatory effects of MSCs. In general, 
MSCs isolated from various sources, such as the bone 
marrow, adipose tissue, and Wharton’s jelly have 
shown somehow similar suppressive effects on the 
proliferation of CD4+ and CD8+ T-cell populations 
(34). In this study, allogenic and xenogeneic 
immunomodulatory properties of hAD-MSCs and 
hBM-MSCs were confirmed in vitro on human and 
monkey T cell subsets before transplantation.  Also, a 
1:1 cell ratio and a culture period of 72 hours showed 
the optimal results for immunomodulatory properties 
and selected for next analyses.

T helper cells (Th) are CD4+ subset of T cells that 
recognize cell surface proteins presented by MHC. 
Their differentiation into Th1, Th2, and Th17 cells 
depends on cytokine environment around the site of 
the antigen presentation (35). When CD4+ T cells are 
induced in the presence of IL-12 and IFN-γ, they shift 
toward Th1 phenotype. IFN-γ is a pivotal cytokine 
produced by Th1 cells. Th1 cells promote the activation 
and recruitment of macrophages to the inflammation 
site and induce the removal of intracellular pathogens 

and delayed-type hypersensitivity (DTH) reactions by 
activating cellular immunity responses (36). Another 
pro-inflammatory subset of Th cells is Th17 cell, 
an effector phenotype characterized by preferential 
secretion of IL-17A (IL-17), while expressing other 
cytokines, including IL-17 F, IL-21, and IL-22. 
Although most of recent studies indicated that MSCs 
are able to suppress Th17 cell-mediated immune 
responses via different mechanisms, some experiments 
showed Th17 cell-promoting effects on MSCs (37).

Treg is a subset of CD4+ T cells with potent 
suppressive functions necessary for the prevention of 
autoimmune conditions and reduction of inflammatory 
reactions via cell-cell contact and secretion of soluble 
factors. These cells are generally characterized by the 
expression of a surface marker CD25 (IL-2 receptor 
alpha chain) and the intracellular marker FOXP3. Treg 
could downregulate the activation of inflammatory 
Th cells subtypes (i.e. Th1 and Th17), just like other 
inflammatory cells. As indicated in several in vitro and 
in vivo studies, MSCs could increase the number and 
functionality of Treg cells (17, 21, 38-40). 

In our study, immune modulatory effect of hAD-
MSCs and hBM-MSCs transplantation on monkey T 
cell subsets, 96 hours after allogenic skin grafting, was 
assessed in a monkey model. Inflammatory features, 
such as redness and bulging were observed around 
allogenic skin graft area in the absence of hAD-
MSCs and hBM-MSCs transplantation. Also, visual 
inspection and histopathological analysis showed mild 
inflammation around allogenic skin graft after cell 
transplantation, compared with monkeys receiving no 
cell transplantation and showed high inflammation. 
At the mRNA and protein levels, after the intravenous 
transplantation of hBM-MSCs and hAD-MSCs, the 
percentages of CD4+IL-17+ (Th17) and CD4+INF-γ+ 
(Th1) cells, as the cellular mediators of inflammation 
were significantly decreased, while CD4+FoxP3+ 
cells (Treg) as the mediators of immunomodulation 
were significantly increased. These findings are 
consistent with previous studies, which reported 
a decrement in Th1/Th17, but an increment in Treg 
response following MSCs transplantation. The above-
mentioned changes could extend the skin graft survival 
by inhibiting different graft rejection mechanisms. So, 
histopathological reports in a short time was (acute 
phase) confirmed the immunomodulatory properties 
of MSCs after skin transplantation in vivo that already 
we had shown in vitro. However, further research 
with more examples in a long time (chronic phase) is 
needed in future studies. 

Conclusion
Our study describes immunomodulatory effect of hAD-

MSCs and hBM-MSCs transplantation on monkey T cells 
subsets, 96 hours after allogenic skin graft, in a monkey 
model; nevertheless, due to research limitations, as our 
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findings are limited to a small sample size and the acute 
phase of immune response following skin graft, longer 
in vivo experiments are required to get more detailed 
information on the chronic phase of immune response.
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Abstract
Objective: Sepsis results from dysregulated host responses to infection, and it is a major cause of mortality in the 
world. Co-inhibitory molecules, such as PD-1, play a critical role in this process. Considering the lack of information 
on the relation between sPD1 and sepsis, the present study aimed to examine the sPD1 level in septic patients and 
evaluate its correlation with procalcitonin (PCT) and C-reactive protein (CRP) levels.

Materials and Methods: This descriptive cross-sectional study consisted of three groups, including septic patients 
(n=15), suspected of sepsis (n=15), and healthy subjects (n=15). White blood cells (WBCs) and platelet (PLT) counts 
are evaluated. The serum levels of CRP, PCT, and sPD1 were measured by immunoturbidimetric assay, electro-
chemiluminescence technology, and the enzyme-linked immunosorbent assay (ELISA), respectively. 

Results: Our study indicated that there was a significant difference in WBC and PLT counts between the septic group 
compared to suspected and control groups (P<0.001, P<0.01, respectively). The CRP level was significantly higher 
in septic compared to suspected and control groups (P<0.001). There was also a significant difference between the 
PCT level in septic and suspected groups in comparison with the controls (P<0.001, P<0.01). The sPD1 level was 
significantly higher in septic patients compared to suspected and control groups (P< 0.001). In septic patients, sPD1 
levels were correlated positively with the CRP and PCT levels.

Conclusion: Overall, sPD1 correlation with inflammatory markers, might propose it as a potential biomarker to sepsis 
diagnosis. However, the clinical application of serum sPD-1 testing in patients with sepsis requires further investigation.
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Introduction
Sepsis refers to a life-threatening dysfunction of the 

organ that is caused by a dysregulated response of the 
host to the infection and, if not controlled, may become 
the severe form, septic shock. Sepsis is one of the most 
important causes of morbidity and mortality all over 
the world and often requires urgent and supportive 
treatment in the intensive care unit (ICU) due to the 
involvement of several organs. About 18 million new 
cases of sepsis are reported each year, with a mortality 
rate of 30-50% (1).

Clinical symptoms of sepsis include tachycardia, 
tachypnea, fever, leukocytosis, etc. Severe Sepsis is 
associated with hypoperfusion, organ dysfunction, 
or hypotension (2).

In sepsis, invasion of the microorganisms to 
the bloodstream occurs, so that they localize and 
proliferate and release their pathogenic factors into the 
bloodstream. These products can stimulate the release 
of endogenous sepsis mediators from endothelial cells, 
neutrophils, monocytes, macrophages, and plasma cell 

precursors (3, 4).
Traditionally, sepsis was considered as an 

excessive systemic proinflammatory reaction to 
invasive microbial pathogens. More recently, it 
has been suggested that the early phase of   hyper-
inflammation is followed or overlapped by long-term 
immunosuppression, considered as sepsis-induced 
immunoparalysis. The immunoparalytic status is 
determined by impaired innate and adaptive immune 
responses and may play an important role in the 
pathogenesis of multiple organ failure, tissue damage, 
and death caused by sepsis (5, 6).

Early diagnosis and immediate anti-microbial 
therapy in the treatment of sepsis is essential in 
order to save the patient’s life. In addition to clinical 
evaluations, laboratory hematologic, microbiological, 
and immunological tests are needed to diagnose sepsis 
(7, 8).

Many cytokines or other proteins have been studied as 
potential biomarkers to determine a hyperinflammatory 
status in patients with sepsis. From these, C-reactive 
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protein (CRP) and procalcitonin (PCT), white blood 
cells (WBC), interleukin-1 (IL-1) and IL-6 can be 
referred. Compared with CRP, the PCT test has a higher 
diagnostic and prognostic value and can differentiate 
bacterial and viral meningitis (9, 10).

Immune system suppression is one of the major 
causes of mortality in patients with severe sepsis 
(11, 12). Negative co-stimulatory molecules play 
an important role in the immune system function 
and regulate cell proliferation, differentiation, and 
apoptosis negatively. 

With knowledge of the mechanism of the immune 
response in sepsis, several immunosuppression 
markers are proposed, such as the superfamily B7-
CD28 called programmed cell death 1 (PD-1) so that 
PD1 and programmed death ligand-1 (PD-L1) inhibit 
the function of B and T cells (13, 14). 

PD1 has two forms, a form bind to the membrane, 
and another soluble form, called soluble PD-1 
(sPD-1). sPD-1 is encoded by PD-1Dex3. It has 
no transmembrane region, and it has a biological 
function. sPD-1 could enter the bloodstream so that it 
can perform its function in the immune response (15).  

Considering the limited information available 
concerning the relation between sPD-1 and sepsis, this 
study aimed to investigate the serum sPD-1 value as an 
immunosuppressive phase marker compared to CRP 
and PCT levels in recognized sepsis, suspected sepsis, 
and healthy subjects. Moreover, the relation between 
the sPD1 level and these two inflammatory markers 
was studied. 

Materials and Methods
Study subjects

In a descriptive cross-sectional study, patients (n=30) 
who admitted to medical or surgical ICUs Fatema- 
Zahra hospital in Najafabad-Isfahan (from October to 
December 2019), who were older than 18 year of age, 
and fulfilled a consensus panel definition of sepsis 
were included in the study. Sepsis was defined as the 
presence of systemic inflammatory response syndrome 
and a known or suspected source of infection. The 
exclusion criteria were including bone marrow 
irradiation, chemotherapy, or radiation therapy within 
the past six months, human immunodeficiency virus 
(HIV) infection or viral hepatitis, and consumption of 
immunosuppressive medications. 

Before initiation of antibiotic therapy in suspected 
of sepsis patients, whole blood was taken from 
the subjects for blood culture (3-4 ml), complete 
blood count (CBC) (1-2 ml), PCT, CRP, and sPD1 
measurements (2-3 ml). Serum was separated from 
blood cells by centrifugation and stored in 3 plastic 

tubes at -20˚C for measurements of PCT, CRP, and 
sPD1 levels. 

Finally, according to clinical symptoms of sepsis, 
microbiologic and laboratory results,

patients categorized into two groups: 1. Proven sepsis 
(n=15) with clinical symptoms of sepsis and positive 
blood culture test and 2. Suspected sepsis (n=5) with 
clinical symptoms but negative blood culture result.

Healthy volunteers (n=15) were recruited as healthy 
controls. All the control subjects were age- and sex-
matched. The study protocol was confirmed by the 
Ethics Committee of Isfahan University of Medical 
Sciences (Code of Ethics: IR.MUI.REC.1384012). 
Written consent was obtained from all subjects or their 
families.

Hematological examination

A CBC is performed on the automated hematology 
analyzer KX-21 (Japan) using the study participants’ 
ethylenediaminetetraacetic acid (EDTA, VACUTEST 
KIMA, Italy) blood tubes, which are obtained via the 
phlebotomy component. WBCs and PLT counts are the 
most important parameters in the sepsis.

Microbiological examination

Four ml of blood was added to blood culture media 
(Biphasic) and incubated at 37˚C for 5-7 days. The 
positive blood cultures media were sub-cultured 
on blood agar (Himedia, India) and EMB media. 
The isolated microbes were identified by standard 
bacteriological methods.

Measurements of C-reactive protein, Procalcitonin, 
and sPD-1 levels

For the quantitative determination of CRP in serum, 
latex particle enhanced immunoturbidimetric assay 
was performed using the Mindray BS- 400 analyzer 
(China). 

Latex particles coated with an antibody specific to 
human CRP clumps in the presence of CRP in the serum 
sample forming immune complexes. The intensity of 
the scattered light is proportional to the CRP level 
in the serum. The light scattering is measured by 
reading turbidity (absorbance) at 570 nm. The CRP 
concentration is determined via a calibration curve. 

The lower limit of detection was 0.1 mg/L, and the 
expected value for CRP in healthy individuals was 
below 6.2 mg/L.

The serum level of PCT was measured using the 
electro-chemiluminescence (ECL) technology (Roche 
Diagnostics, Germany). Related concentrations were 
measured according to protocols using an immunoassay 
analyzer. The lower detection limit was 0.02 ng/mL. 
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Through the first incubation, antigen in the sample, 
a biotinylated monoclonal PCT‑specific antibody, 
and a monoclonal PCT-specific antibody labeled 
with a ruthenium complex react to form a sandwich 
complex. During the second incubation, by the 
addition of streptavidin-coated microparticles, the 
complex becomes bound to the solid phase by the 
interaction of biotin and streptavidin. Then the 
reaction mixture is aspirated into the measuring cell 
where the microparticles are magnetically captured 
onto the surface of the electrode. Unbound substances 
are then removed with ProCell/ProCell M. Then, 
the application of a voltage to the electrode induces 
chemiluminescent emission, which is measured by a 
photomultiplier.

Finally, for determining the results, a calibration 
curve which is specific to the instrument generated by 
2‑point calibration and a master curve provided via 
the reagent barcode.

The concentration of sPD1 was measured by the 
ELISA according to the kit protocol (DuoSet Human 
PD-1, R&D systems, Minneapolis, MN, USA) on an 
automatic microplate reader (Stat Fax 2100, USA). 
The detection range of the kit was 156-10000 pg/ml.

In brief, high bind microtiter plates were incubated 
with the capture antibody, sealed, and incubated 
overnight. On the next day, plates were washed (3 
x with phosphate buffered saline (PBS) containing 
0.05% Tween). Then, 300 µL /well bovine serum 
albumin (BSA) (1% in PBS) was added as a blocking 
agent. The plates were incubated at room temperature 
for 1 h. After a washing step, calibrators or patient 
samples were added, sealed, and incubated at RT for 2 
hours. For the preparation of the calibration curve, 1:2 
dilutions of the standard ranging from 10 ng/mL to 156 
pg/mL, was used. After the washing step, the detection 
antibody was added, sealed, and incubated for 2 hours. 
Once again, plates were washed, and Streptavidin-HRP 
was added and incubated for 20 minutes. After the last 
washing step, the substrate solution was added to each 

well and incubated for 20 minutes at RT. Then stop 
solution was added to each well. Finally, absorbance 
was read at 450 nm with wavelength correction set at 
540 nm.

Statistical analysis

Data analysis was conducted using IBM SPSS 21 
statistics (IBM, USA). Values are represented as mean 
± standard deviation (SD). Shapiro-Wilk Normality 
test was performed to confirm the normality of data 
distribution. The difference between the groups was 
examined through the one-way analysis of variance 
(ANOVA) test along with the Tukey HSD post hoc. The 
Chi-square test was used to compare the qualitative 
variables. Pearson’s correlation coefficient test was 
used to assess the strength of the correlation between 
the sPD1 and other variables. The level of statistical 
significance was set at P<0.05.

Results

Characteristics of the patients

In this study, Blood cultures were positive for 
all patients. The identified bacteria included 
Staphylococcus aureus (n=3) Streptococcus beta-
hemolytic group A (n=3), Escherichia coli (n=2), 
Klebsiella pneumoniae (n=5), and Enterobacter (n=2). 
The age and sex distribution in the proven, suspected 
sepsis, and control groups are shown in Table 1.

Hematological examination

This study evaluated WBC and platelet counts in 
different groups. Results showed that there was a 
significant difference in WBC counts between the septic 
and suspected groups compared to healthy controls 
(P<0.001). There is also a significant difference 
between septic and suspected groups (P<0.01).

There was a significant difference in PLT counts 
between septic group compared to suspected and 
control groups (P<0.01). The results are summarized 
in Table 2.

Table 1: Characteristics of the study groups

Parameter Septic patients Suspected group Control group P value

Number 15 15 15

Age (Y) 48.46 ± 17.6 41.66 ± 19.38 44.4 ± 14.8 >0.05

Gender (M/F) 8/7 9/6 10/5 >0.05

P>0.05 compared to the controls. Data indicated as mean ± standard deviation (SD) (n=15 per group).
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Table 2: Variable values of the study groups

Parameter Septic patients Suspected group Control group

WBC (×103/ µl) 14.7 ± 6.53 9 ± 2.3 5.4 ± 0.86

PLT (×103/ µl) 178.66 ± 74.97 263.67 ± 65.171 267 ± 76.075

CRP (mg/L) 50.97 ± 11.4 29.54 ± 16.9 4.38 ± 2.04

PCT  (ng/ml) 4.55 ± 2.2 2.2 ± 1.4 0.19 ± 0.1

sPD1  (pg/ml) 195.1 ± 151.7 23.9 ± 12.3 13.1 ± 7.8

Data indicated as mean ± standard deviation (SD, n=15 per group). 
WBC; White blood cells, PLT; Platelet, CRP; C-reactive protein and PTC; 
procalcitonin.

Serum levels of C-reactive protein, Procalcitonin, and 
sPD1

This study evaluated the CRP, PCT, and sPD1 serum 
levels in different groups. There was a significant difference 
between the mean of CRP level in septic patients and the 
suspected group compared to healthy controls (P<0.001). 
In addition, it was observed a significant difference 
between septic and suspected groups (P<0.001).

Results showed that the PCT level was significantly 
higher in septic and suspected groups in comparison 
with the controls (P<0.001, P<0.01, respectively). 
There was also a significant difference between the 
mean of PCT level in septic compared to the suspected 
group (P<0.01).

The results showed that there was a significant 
difference between the sPD1 levels in septic patients 
compared to suspected and control groups (P<0.001). 
But there was not a significant difference between 
the mean of sPD1 level in suspected compared to the 
control group (P>0.05). The results are shown in Table 
2 and Figure 1.

Fig.1: Comparison of serum levels of CRP, PCT, and sPD1  in the different 
groups. A. There was a significant difference between the mean of CRP 
level in septic patients and the suspected group compared to healthy 
controls. B. PCT  level was significantly higher in septic and suspected 
groups in comparison with the controls. C. There was a significant 
difference between the sPD1levels in septic patients compared to 
suspected and control groups. Procalcitonin. Data indicated as mean ±
standard deviation (SD, n=15). CRP; C- reactive protein, PCT; **; P<0.01, 
and ***; P<0.001. 

Sensitivity, specificity, positive predictive value, and 
negative predictive values 

The optimum cut-off value was found to be 6.2 mg/l for 
CRP, 0.5 ng/ml for PCT, and 42 pg/ml for sPD1. At cut-
off values, sensitivity, specificity, PPV, and NPV values 
of these parameters were calculated for the diagnosis of 
sepsis, and the results are shown in Table 3. 

Table 3: Sensitivity, specificity, PPV, and NPV values of serum variables

Variable Sensitivity (%) Specificity (%) PPV (%) NPV (%)

CRP (mg/L) 80 86.6 85.7 81.2

PCT (ng/ml) 66.7 86.7 83.3 72.2

sPD1 (pg/ml) 60 93.3 90 70

PPV; Positive prediction value, NPV; Negative prediction value, CRP; C 
reactive protein, and PCT; Procalcitonin.

B

C
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Correlation among serum sPD-1 and other parameters 
The result showed that there was a significant positive 

correlation between the serum sPD1 level and values 
of serum PCT and CRP in the septic patients (r=0.668, 
P=0.007; r=0.515, P=0.049, respectively), Figure 2.  
However, no correlation detected between sPD-1 levels 
and age, WBC or PLT counts in all three groups (P>0.05).

Fig.2: The correlations among sPD1, CRP, PD1, and PCT levels in septic 
patients. There was a significant positive correlation between the serum 
level of A. CRP and B. PCT with sPD1 in patients with sepsis (n=15). 
CRP; C-reactive protein and PCT; Procalcitonin.

Discussion
In the present study, we found that sPD-1 levels in 

patients with sepsis were higher than those who were 
suspected of sepsis and healthy controls. Also, sPD-
1 levels were positively correlated with PCT and CRP 
levels. These findings suggest that this increased level 
might propose sPD-1 as a potential bio-marker to sepsis 
diagnosis.

Immune dysfunction is regularly attendant with an 
increased risk of death from sepsis. The latest studies 
indicated that pro- and anti-inflammatory reactions 

occurred in sepsis concurrently, even in the early stage. 
With knowledge of the mechanism of immunologic 
response at a different stage of sepsis, it seems 
immunosuppression is thought-out to be the main factor 
affecting the outcome of septic patients (16, 17). 

PD‑1 is one of the best known co‑inhibitory molecules. 
It has been observed in studies that the expression of 
this molecule on macrophages and peripheral blood 
monocytes was increased in a mouse model of sepsis, and 
the administration of PD1 antagonist has improved the 
survival of the infected animal (18, 19). According to the 
results of a clinical study in recent years, PD-1 expression 
on the surface of T lymphocytes in patients with sepsis 
was significantly increased (20). The inhibition of 
the PD-1/PD-L1 pathway with anti-PD-1 and anti-
PD-L1 antibodies reduces sepsis-induced apoptosis in 
lymphocytes and returns the ability of immune cells to 
produce proinflammatory cytokines (20, 21).

The overexpression of PD-1 on the T lymphocytes or 
changed sPD-1 levels has been observed in patients with 
aplastic anemia (22), immune thrombocytopenia (ITP) 
(23), rheumatoid arthritis (RA) (24), or cancer (25, 26).

There are only a few studies demonstrating sPD1 levels 
in sepsis.

Zhao et al. (27) described that sPD-1 levels were 
increased in sepsis patients, and its value has also increased 
with increased severity of the disease. Their study showed 
that sPD-1 was an independent risk factor for the 28-day 
mortality of septic patients. Thus, sPD-1 may be used as 
an immunological biomarker for early assessment of the 
severity and prognosis of sepsis. 

Yongzhen Zhao et al. (28) in another study found that 
peripheral blood levels of sPD-1 and sPD-L1, PD-1 
expression on CD4‏+ T cells and CD8+‏ T cells and PD-L1 
expression on monocytes are higher in non-survivors than 
in survivors sepsis, and the levels of sPD-1 and sPD-L1 
have a correlation with the severity of the disease. They 
conclude that monitoring the concentrations of sPD-1 
may improve the prognostic assessment in septic patients 
during the first week of treatment. 

We also found that sPD-1 levels in patients with sepsis 
were higher than suspected and control groups. Despite 
the similarity of our result in this regard with other studies, 
the results of Lange et al. (29) study showed that sPD-1 
values in patients with sepsis and septic shock were lower 
than control people and not related to the severity of the 
disease. This difference may be due to the level of sPD-1 
in healthy control is higher than healthy subjects in our 
study, which should be further investigated in different 
populations. Another cause of this discrepancy may be 
related to differences in patient characteristics, such as 
age, sex, race, or even sampling time and disease status. 

However, the exact function of the sPD-1 is not well 
known in sepsis. The increase in membrane-bound 
PD-1 may lead to a secondary increase in sPD-1 levels. 
It seems that similar to rheumatoid arthritis patients, 
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PD-1 and PD-L1 overexpressed, and the sPD-1/sPD-L1 
concentrations also increased to prevent the regulatory 
effect of membrane-bound PD-1 and PDL1 (28).

It should be noted that the detection of serum sPD-1 
is easier than the detection of membrane-bound PD-1 by 
flow cytometry and accelerates the diagnosis of disease in 
clinical applications.

CRP is a conventional marker used for diagnosis of 
sepsis and inflammation, In this study, as well as similar 
studies, the concentration of CRP was higher in septic and 
suspected compared to healthy controls (30, 31). Although 
some studies have shown that inflammatory factors such 
as CRP increase with age, in this study, the average age 
of participants is less than 50 years, and thus, the effect of 
age disappears (32).

In this study, like most similar studies, PCT levels 
also were significantly increased in septic and suspected 
patients compared to control subjects (33, 34). PCT 
concentrations slightly increased in bacterial infections 
without a systemic inflammatory response, like localized 
infections (35).  Maybe that’s why in our study, PCT levels 
were significantly higher in septic compared to suspected 
of sepsis patients.

In the study conducted by Zhao et al. (27), they found 
that as the disease progressed, the levels of sPD-1, CRP, 
and PCT gradually increased. But in another study 
performed by them, CRP and PCT as the inflammatory 
markers showed no significant correlation with sPD-1/
sPD-L1 (28).

Contrary to this study, our results showed that the sPD-
1 level is positively correlated with the level of CRP and 
PCT in patients with sepsis. Differences in the severity of 
disease in the patient sample could also have contributed 
to the differences. Our study selected patients with general 
sepsis, while Zhao et al. (28) selected severe sepsis and 
septic shock patients. Different methods of assessment 
also should be considered. 

The sPD-1 had a higher PPV and NPV values in patients 
with sepsis, the specificity was higher, but the sensitivity 
was low. These findings are consistent with the results of 
a similar study and could indicate the role of sPD-1 in the 
diagnosis of sepsis (28). 

This study had a few limitations. We measured only 
the sPD-1 level, and the expression of PD-1 / PD-L1 
and sPDL1 was not measured. Patient follow-up was 
not carried out, and the sPD-1 level changes were not 
evaluated during the disease. The severity of the disease 
was not graded accurately, and we could not evaluate 
the correlation of other variables with the severity of 
the disease. Finally, this study was conducted at a center 
only, and further studies are needed larger sample size to 
confirm the results of the study.

Conclusion
Overall, the serum levels of sPD-1 were significantly 

increased in patients with sepsis. The serum sPD-1 levels 
were positively correlated with the CRP and PCT levels 
in septic patients. This test was more specific than these 
two markers. The sPD1 correlation with inflammatory 
markers might propose it as a potential biomarker for 
the sepsis diagnosis. However, the clinical application 
of serum sPD-1 testing in patients with sepsis requires 
further investigation.
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Abstract
Objective: Although growing evidences have showed that long non-coding RNA (lncRNAs) plasmacytoma variant 
translocation 1 (PVT1) plays a critical role in the progression of non-small cell lung cancer (NSCLC), there are still many 
unsolved mysteries remains to be deeply elucidated. This study aimed to find a new underlying mechanism of PVT1 in 
regulating the tumorigenesis and development of NSCLC. 

Materials and Methods: In this experimental study, Quantitative reverse transcription polymerase chain reaction (qRT-
PCR) was used to profile the expression of PVT1 in NSCLC tissues and cells. The effects of PVT1 on cell growth, 
migration and invasion were detected by colony formation assay, Matrigel-free transwell and Matrigel transwell assays, 
respectively. Changes of the key protein expression in Hippo and NOTCH signaling pathways, as well as epithelial-
mesenchymal transition (EMT) markers, were analyzed using western blot. Interaction of PVT1 with enhancer of zeste 
homolog 2 (EZH2) was verified by RNA pull-down, and their binding to the downstream targets was detected by 
Chromatin Immunoprecipitation (ChIP) assays.

Results: These results showed that PVT1 was up-regulated in NSCLC tissue and cell lines, promoting NSCLC cell 
proliferation, migration and invasion. Knockdown of PVT1 inhibited the expression of Yes-associated protein 1 (YAP1) 
and NOTCH1 signaling activation. Further, we have confirmed that PVT1 regulated expression of YAP1 through 
EZH2-mediated miR-497 promoter methylation resulting in the inhibition of miR-497 transcription and its target YAP1 
upregulation, and finally NOTCH signaling pathway was activated, which promoted EMT and invasion and metastasis.

Conclusions: These results suggested that lncRNA PVT1 promotes NSCLC metastasis through EZH2-mediated 
activation of Hippo/NOTCH1 signaling pathways. This study provides a new opportunity to advance our understanding 
in the potential mechanism of NSCLC development.
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Introduction
Lung cancer is the leading cause of cancer-related 

death worldwide (1). The most common type of that is 
non-small cell lung cancer (NSCLC), which accounts for 
approximately 85% of all lung cancer new cases (2). The 
average 5-year survival rate of NSCLC cancer patients is 
still very low, because of the limited therapeutic options, 
I addition to the higher rate of tumor metastasis and 
recurrence (2).

Yes-associated protein 1 (YAP1) is highly expressed 
in NSCLC tissues and cells. It  can positively regulate 
expression of NOTCH1, affecting proliferation, invasion 
and metastasis ability as well as drug sensitivity in lung 
cancer cells (3). Our previous work proved that YAP, a core 
transcription co-activator in Hippo signaling pathway, 
was overexpressed in NSCLC tissues and cells, positively 
regulated expression of NOTCH1 and markedly promoted 
cell proliferation and invasion (4). These results indicated 

that Hippo and NOTCH signaling pathways played an 
important role in development of NSCLC. However, the 
specific molecular mechanisms of these two signaling 
pathways in NSCLC tumorigenesis and development are 
not fully understood yet.

Long non-coding RNAs (lncRNAs) are non-coding 
transcripts with longer than 200 nucleotides, which 
exhibit various functions and regulate different processes 
by many molecular mechanisms (5). Growing evidences 
suggest that lncRNAs participate in the development and 
progression of NSCLC. MALAT1 was reported to be a 
predictive marker for NSCLC metastasis development 
(6), while elevated expression of LINC00473 correlated 
with poor prognosis of NSCLC (7). Plasmacytoma 
variant translocation 1 (PVT1), a lncRNA that shares 
the location of chr8q24.21 with c-Myc (8). It is highly 
expressed and exerts a carcinogenic effect in many 
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tumors, such as NSCLC (9), colorectal cancer (10) and 
hepatocellular carcinoma (11). Recently, it was reported 
that PVT1 recruited enhancer of zeste homolog 2 
(EZH2) to the large tumor suppressor kinase 2 (LATS2) 
promoter and repressed its transcription (9). Therefore, 
PVT1 knockdown could inhibit proliferation and induce 
apoptosis in NSCLC (9).

LATS2 plays a pivotal role in regulating Hippo 
growth inhibitory signaling (12). Recent study 
showed that LATS2 inhibition decreased YAP1 
phosphorylation. It promoted nuclear accumulation of 
YAP1 and upregulated the association of YAP1/ TEA 
domain transcription factor 2 (TEAD2), which led to 
transcriptional activation of YAP1/TEAD2 (12). These 
results indicated that lncRNA PVT1 may inhibit Hippo 
signaling by silencing LATS2, and it plays a crucial 
role in promoting proliferation and anti-apoptosis. It 
was also reported that knockdown of lncRNA PVT1 
inhibited cell viability, invasion and induced apoptosis 
in NSCLC by regulating miR-497 expression (13). 
However, the mechanism by which lncRNA PVT1 
inhibits miR-497 still needs to be elucidated.

NOTCH signaling was reported to be altered in 
approximately one third of NSCLCs (14). Numerous 
studies have also suggested that activation of NOTCH 
correlates with poor clinical outcomes in NSCLC 
patients without TP53 mutations and it is a biomarker 
for predicting survival time in patients with NSCLC 
(15). However, mechanism of NOTCH1 up-regulation 
is not well understood (14). An interacting network 
of the Hippo and NOTCH signaling pathways that 
control organ size and hepatocellular carcinoma 
(HCC) development was also identified (16). NOTCH 
and Hippo signaling was also showed to synergize to 
potentiate liver cell growth and remodel (17). Jagged-1 
and NOTCH2, two NOTCH pathway components, are 
downstream targets of Hippo signaling. They lead 
to the dedifferentiation of hepatocytes into hepatic 
progenitors (18). Besides, YAP-dependent activity 
of Jag1 and Notch were also reported to correlate 
with survival times in human HCC and colorectal 
tumor samples (19). YAP1 can also contribute to 
progression and poor prognosis of NSCLC (4). Thus, 
we hypothesized that under the mediation of TEAD1, 
YAP1 is most likely a NOTCH1 upstream driver gene. 
We proposed hypotheses that lncRNA PVT1 interacts 
with EZH2 to silence the expression of miR-497 and 
LATS2 genes. Thus, it promotes YAP1 transcription 
and inhibits phosphorylation of YAP1, thereby 
activating NOTCH1 signaling and enhancing the 
invasion of NSCLC cells.

Materials and Methods

Tissue collection

This experimental study was approved by the Ethics 

Committee (Code No.: 20180521) of the First Affiliated 
Hospital of Nanchang University (Nanchang, China). 
Written informed consents were obtained from all 
patients. Thirty paired primary tumor tissues and adjacent 
tissues from these NSCLC patients were obtained. 
Clinical-pathological characteristics were recorded. 
No local or systemic treatment was conducted in these 
patients before surgery. All samples were immediately 
snap-frozen in liquid nitrogen and stored at -80˚C, 
until required. 

Cell lines and cell culture
Human NSCLC cell lines A549, H1299, Calu-3, H1975 

and PC-9 as well as human bronchial epithelial cells 
BEAS-2B were obtained from the American Type Culture 
Collection (ATCC, USA), cultured in their corresponding 
medium containing 10% FBS (Gibco, USA), 100 μg/ml 
streptomycin (HyClone, USA) and 100 U/ml penicillin 
(HyClone) and incubated at 37˚C in the presence of 5% 
CO2.

RNA extraction and quantitative reverse transcription 
PCR

Trizol regent (Invitrogen, USA) was used to extract 
total RNA from tissue specimens and cell samples. 
First-strand cDNA was generated by ImProm-II Reverse 
Transcription System (Promega, USA). Then, SYBR 
Green qPCR assay (Takara, Japan) and gene-specific 
primers (Table 1) were used for quantitative reverse 
transcription PCR (qRT-PCR) analysis. GAPDH or U6 
was used as internal references for normalization. The 
relative expression levels of target genes were calculated 
using the comparative Ct method.

Plasmid generation and cell transfection 
The PVT1 sequence was synthesized and sub-cloned into 

the pcDNA3.1 vector (Invitrogen, USA) by GenePharma 
(Shanghai, China). The siRNAs directly against human 
PVT1 gene (si-PVT1-1: 
5´-CCTGTTACACCTGGGATTT-3´; 
si-PVT1-2: 5´-GGACTTGAGAACTGTCCTT-3´; 

si-PVT1-3: 5´-CCTGGGATTTAGGCACTTT-3´), 
EZH2 gene (si-EZH2: 
5´-CATCGAAAGAGAAATGGAATT-3´), 
YAP1 gene (si-YAP1: 
5´-AGAACTGCTTCGGCAGGAG-3´) 

were also designed and synthesized by GenePharma 
(Shanghai, China). si-NC (5´-UUCUCCGAACGUGU-
CACGUTT-3´) was used as a negative control. Plas-
mid vectors and siRNA oligonucleotides were trans-
fected into H1299 or A549 cells with Lipofectamine 
3000 (Invitrogen, USA) according to the manufactur-
er’s instructions. Forty-eight hours after transfection, 
the cells were harvested for qRT-PCR or western blot 
analysis.
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Table 1: Paired primer sequences used in qRT-PCR 

Genes Paired primers Sequences (5´-3´)

PVT1 sense CTTGCGGAAAGGATGTTGGC

antisense GCCATCTTGAGGGGCATCTT

YAP1 sense TTCGGCAGGCAATACGGAAT

antisense GTTGAGGAAGTCGTCTGGGG

TEAD1 sense CCCTGGCTATCTATCCACCA

antisense AGGGCCTTATCCTTTGCAGT

NOTCH1 sense GCACGTGTATTGACGACGTTG

antisense GCAGACACAGGAGAAGCTCTC

LATS2 sense ACAAGATGGGCTTCATCCAC

antisense CTCCATGCTGTCCTGTCTGA

EZH2 sense AAGCACAGTGCAACACCAAG

antisense CAGATGGTGCCAGCAATAGA

GAPDH sense CCAGGTGGTCTCCTCTGA

antisense GCTGTAGCCAAATCGTTGT

miR-497 RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACAAAC

sense GCGCAGCAGCACACTGTG

antisense GTGCAGGGTCCGAGGT

U6 sense CTCGCTTCGGCAGCACA

antisense AACGCTTCACGAATTTGCGT

Methylation-specific PCR
Methylation analysis of miR-497 promotor was 

examined by Methylation-specific PCR (MSP). 
MethPrimer 1.0 was used to design MSP primers. 
A pair of methylation-specific primers (M-F: 
5´-TTTGATTTAGGGAGAGGAAGGAC-3´; M-R: 
5´-TAAACAAACAACTAAAAAACGACGA-3´) and a 
pair of unmethylation-specific primers at the same site (U-
F: 5´-TTTGATTTAGGGAGAGGAAGGAT-3´;  M-R: 
5´-TAAACAAACAACTAAAAAACAACAAA-3´) 
were chosen. Briefly, the isolated genomic DNA 
was treated with sodium bisulfite using an EZ DNA 
Methylation Gold kit (Zymo Research, USA). They 
were then subjected to PCR assay using the specific 
primers. The PCR products were digested with a 
restriction endonuclease BstUI, recognizing sequences 
unique to the methylated alleles, but not unmethylated 
alleles. The digested products were next electrophoresed 
on 3% agarose gels and stained with ethidium bromide. 
The ratio of gray scale value of the methylated band 
was calculated as methylation levels.

In vitro transcription and RNA pull-down assay
In vitro transcription and RNA pull-down assay were 

performed as described before (20). Briefly, biotin-labeled 
lncRNA PVT1 was transcribed with T7 RNA polymerase 
by TranscriptAid T7 High Yield Transcription Kit 
(Thermo Fisher Scientific, USA) in vitro. For RNA pull-
down assay, 5 μg of biotin-labeled synthesized RNA was 
added to the RNA structure buffer (10 mM Tris pH=7, 0.1 
M KCl, 10 mM MgCl2) to ensure the formation of proper 
secondary structure. Following the indicated treatment, 
the cell samples were collected and their extracts were 
then mixed with biotin-labeled RNA. They were next 
rotated at room temperature for one hour, and then 50 μl 
of streptavidin-agarose beads were added to the mixture 
and rotated for one hour. After incubation, the beads were 
washed briefly twice with high-salt RNA Binding Protein 
Immunoprecipitation (RIP) buffer (containing 500 mM 
KCl, 25 mM Tris pH=7.4, 0.5 mM DTT, 0.5% NP40, 1 
mM PMSF and protease inhibitor), then twice with low-
salt RIP buffer (composed of 150 mM KCl, 25 mM Tris pH 
7.4, 0.5 mM DTT, 0.5% NP40, 1 mM PMSF and protease 
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inhibitor), and lastly boiled in SDS-loading buffer for 10 
minutes. The retrieved proteins were detected by means 
of western blotting.

Colony formation assay
Cells after transfection were collected at logarithmic 

growth phase. Then, they were placed in a 6-well plate 
(1×103/well) for two weeks. 4% paraformaldehyde was 
used to fix the cells for 15 minutes after discarding the 
medium, and Giemsa solution was added to stain for 5 
minutes. The cells were then quantified by photographing 
three independent visual fields under the microscope.

Chromatin immunoprecipitation assays
ChIP assays were conducted using the SimpleChIP® 

Plus Enzymatic Chromatin IP Kit, according to the 
manufacturer’s instructions (CST, USA). H3 trimethyl Lys 
27 antibody was obtained from Millipore (USA). EZH2 
(5246) antibody was obtained from CST. Quantification of 
immunoprecipitated DNA was performed by quantitative 
PCR (qPCR). ChIP data were calculated as a percentage 
relative to the input DNA.

Transwell migration assay
8 mm pore 24-well transwell chambers (Corning, USA) 

were used for migration assay. 2×104 A549 or H1299 
cells were seeded into the chambers and cultured with 
DMEM for 48 hours. Then, took out membranes at the 
bottom of chambers, and removed the cells on the upper 
membrane surface using a cotton swab. The cells on 
the lower surface of membrane surface were fixed with 
methanol and glacial acetic acid, at the ratio of (3:1) and 
they were stained with 10% Giemsa solution. Finally, five 
fields were selected randomly and counted for statistical 
analysis in each groups.

In vitro Matrigel invasion assay
Before seeding cells, the poly-carbonate membranes of 

the transwell upper chambers (8 µm pore size; Corning, 
USA) was pre-coated with Matrigel (BD, USA). Then, 
4×105 cells, re-suspended in 200 µl serum-free medium, 
were placed in the upper chamber, followed by adding 600 
µl of the same medium to the lower chamber. Then, the 
cells on the upper membrane surface were removed after 
48 hours incubation at 37˚C. Meanwhile, the cells on the 
lower membrane surface were fixed with methanol and 
glacial acetic acid (3:1). They were next stained with 10% 
Giemsa solution. Finally, five fields selected randomly 
and counted for statistical analysis in each groups.

Western blot analysis
The cells were harvested and protein was isolated by IP 

lysis buffer (Thermo Fisher Scientific, USA) containing 
protease inhibitors (Roche, Switzerland). Then, the BCA 
Assay Kit (Thermo Fisher Scientific) was used to assess 
the concentration of proteins in the supernatants of cell 
lysates. Next, 10% SDS-PAGE gel electrophoresis was 

applied for separation of equal amount of protein samples. 
Then, they were transferred to PVDF membranes, which 
was later incubated with a specific primary antibody 
followed by incubating with secondary antibody marked 
by horseradish peroxidase (goat anti-rabbit; Abcam) at 
room temperature for one hour. Optical density method 
was used for quantitative autoradiography with β-actin 
(1:3000; Proteintech, USA), as controls. 

Statistical analysis

Prism 6.0 (GraphPad Software, USA) was used for 
statistical analysis of data. All experiments were performed 
at least three times in triplicate. Data were expressed as 
the mean ± standard deviation (SD). Student’s t test (two 
tailed) and one-way analysis of variance (ANOVA) were 
used to evaluate the significant difference. P<0.05 was 
considered to be significantly different.

Results
lncRNA PVT1 was upregulated in NSCLC tissues and 
cell lines, promoting cell proliferation, migration and 
invasion

To investigate the role of PVT1 in NSCLC, we first 
analyzed expression pattern of this lncRNA in 30 
NSCLC and adjacent normal tissues using qRT-PCR. 
Results showed that PVT1 level in NSCLC tissues was 
significantly higher than the adjacent normal tissues 
(Fig.1A), indicating that PVT1 may be involved in NSCLC 
progression. Similar results were obtained in NSCLC cell 
lines. PVT1 expression in A549, H1299, Calu-3, H1975 
and PC-9 cells was much higher than in BEAS-2B cells 
(Fig.1B). To examine whether PVT1 was functionally 
involved in NSCLC, we selected NSCLC cells A549 
and H1299 for further explorations. qRT-PCR assay 
was performed to determine efficiency of PVT1 siRNA 
(applied for knockdown) and PVT1 plasmid (used for 
overexpression). The results showed that PVT1 expression 
was sufficiently downregulated after transfecting with the 
three siRNAs, and it was successfully upregulated after 
PVT1 plasmaid transfection of both A549 and H1299 
cells (Fig.1C). The most efficient si-PVT1-3 (collectively 
referred to as si-PVT1 hereinafter) was selected for 
PVT1 knockdown in the follow-up experiments. Then, 
colony formation assays were carried out to determine its 
effect on cell proliferation. It was determined that PVT1 
knockdown significantly inhibited cell proliferation, 
while PVT1 overexpression significantly promoted cell 
proliferation (Fig.1D). Next, we evaluated the effects 
of PVT1 on cell migration and invasion. As expected, 
the decreased expression of PVT1 expression caused 
suppression of cell migration (Fig.1E) and invasion 
(Fig.1F), while PVT1 overexpression promoted cell 
migration (Fig.1E) and invasion (Fig.1F). Taken together, 
these findings implied that lncRNA PVT1 may function as 
an oncogene to promote tumorigenesis and development 
of NSCLC.
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Fig.1: long non-coding RNAs (lncRNAs) plasmacytoma variant translocation 1(PVT1) was up-regulated in non-small cell lung cancer (NSCLC) tissues and 
cells, promoting NSCLC cell invasion and migration. A. quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis for the expression 
of PVT1 in the NSCLC and adjacent normal tissues (n=30). B. qRT-PCR analysis for the expression of PVT1 in five NSCLC cell lines compared to the normal 
lung epithelial cells, BEAS-2B. C. qRT-PCR analysis for the expression of PVT1 in A549 and H1299 cells transfected with three siRNAs of PVT1 (si-PVT1-1, si-
PVT1-2 and si-PVT1-3) or the negative control (si-NC) as well as pcDNA-PVT1 overexpression vector (PVT1) and pcDNA vector (vector). D. Colony formation 
assays were used to assess proliferation of A549 and H1299 cells after PVT1 knockdown and PVT1 overexpression. E. Matrigel-free transwell assay for cell 
migration and F. Matrigel transwell assay for cell invasion were confirmed in A549 and H1299 cells after PVT1 knockdown by siRNAs transfection and PVT1 
overexpression. Data are mean ± SD of three independent experiments. *; P<0.05, **; P<0.01, ***; P<0.001 compared to si-NC group, #; P<0.05, and ##;
P<0.01; P<0.01 compared to the vector group. PVT1 knockdown inhibited expression of yes-associated protein 1 (YAP1) and NOTCH1 signaling activation.
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Hippo/YAP and NOTCH signaling pathways are 
associated with the occurrence and development of 
NSCLC (21). Western blot analysis demonstrated that 
protein levels of LAST2 and relative phosphorylated YAP1 
were significantly down-regulated in NSCLC tissues than 
that of the adjacent tissues, while total YAP1, TEAD and 
NOTCH1 proteins were up-regulated in NSCLC tissues 
than that of the adjacent tissues (Fig.2A), indicating that 
the Hippo pathway was suppressed, promoting NOTCH 
signaling pathway activation in NSCLC tumorigenesis. 
Furthermore, we further investigated the effects of 
lncRNA PVT1 on those pathways by siRNA knockdown 
experiments. Results of qRT-PCR analysis showed that 
mRNA expression levels of YAP1, TEAD1 and NOTCH1 
were decreased obviously in A549 and H1299 cells after 
PVT1 knockdown by siRNA treatment, except the mRNA 
level of LAST2 which was up-regulated in si-PVT1 group 
than the si-NC group in the A549 and H1299 cells (Fig.2B). 
Results of western blot analysis showed that LAST2 
protein and phosphorylated YAP1 were significantly 
up-regulated while total YAP1, TEAD1 and NOTCH1 

proteins were down-regulated after PVT1 knockdown 
(Fig.2C). Taken together, our results demonstrated that 
PVT1 knockdown could inhibit expression of YAP1 and 
NOTCH1 signaling activation.

Previous report found that knockdown of PVT1 
effectively promoted miR-497 expression (13). To verify 
it, we detected miR-497 expression levels after PVT1 
knockdown or overexpression in A549 and H1299 cells 
using qRT-PCR. Results showed that expression of 
miR-497 was negatively regulated by PVT1 (Fig.2D). 
To determine the role of lncRNA PVT1 in regulating 
methylation, miR-497 promoter methylation analysis 
was performed in the NSCLC and adjacent tissues by 
MSP. Results showed that methylation level of miR-
497 promoter was higher in the NSCLC tumor tissues 
than the adjacent tissues (Fig.2E), indicating that DNA 
methylation modification of miR-497 promoter was 
occurred by tumorigenesis, which may be one reason for 
the low expression level of miR-497 in NSCLC and it may 
also be one of results of lncRNA-mediated methylation.

Fig.2: Plasmacytoma variant translocation 1(PVT1) knockdown inhibited yes-associated protein 1 (YAP1) expression and Notch1 signaling activation. 
Western blot analysis for protein levels of LAST2, p-YAP1, t-YAP1, TEAD and Notch1 in the NSCLC and adjacent normal tissues. B. Quantitative reverse 
transcription polymerase chain reaction (qRT-PCR) analysis for mRNA expression levels of LAST2, YAP1, TEAD and Notch1in A549 and H1299 cells after 
PVT1 knockdown using the treatment with si-PVT1 or si-NC. C. Western blot analysis for protein levels of LAST2, p-YAP1/t-YAP1, TEAD and Notch1 in 
A549 and H1299 cells after PVT1 knockdown by treatment with si-lncPVT1 or siRNA negative control (si-NC). D. qRT-PCR analysis for the expression of 
microRNA-497(miR-497) in A549 and H1299 cells after PVT1 knockdown or overexpression. E. MSP analysis for the methylation level of miR-497 promoter. 
Data are mean ± SD of three independent experiments. *; P<0.05, **; P<0.01 compared to si-NC group; ##; P<0.01 compared to vector group, p-YAP1; 
Phosphorylated YAP1 protein, t-YAP1; Total YAP1 protein, si-NC; siRNA negative control, si-PVT1; PVT1 siRNA for knockdown, Vector; Empty pcDNA vector 
for negative control of overexpression, A549 and H1299; Two of human lung carcinoma cell lines, MSP; Methylation-specific polymerase chain reaction, 
LAST2; Large tumor suppressor kinase 2 protein, and SD; Standard deviation.
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PVT1 directly interacted with EZH2 in NSCLC cells
EZH2 is the functional enzymatic component of the 

polycomb repressive complex 2 (PRC2) and it has been 
linked to many forms of cancer. lncRNA PVT1 was reported 
to modulate thyroid cancer cell proliferation by recruiting 
EZH2. To confirm whether PVT1 could also interact with 
EZH2 in NSCLC, expression profile of EZH2 in clinic and 
cell levels were measured by qRT-PCR and western blot. 
The probable interaction between them was further verified 
using RNA pull-down assay. Results showed that EZH2 
was significantly up-regulated in NSCLC tissues and cell 
lines compared to the normal one in both mRNA and protein 
levels (Fig.3A, B). RNA pull-down analysis identified the 
interaction between PVT1 and EZH2 which was successfully 
pulled-down by a biotin-labeled PVT1 probe in the A549 
cell samples (Fig.3C). RNA pull-down experiments of the 
cell samples after transfecting with si-PVT1 or siRNA-NC 
and culturing for 48 hours further proved these findings. 
Compared to the si-NC group, the level of EZH2 in the si-
PVT1 group was reduced significantly along with PVT1 
knockdown (Fig.3D). All of these results have indicated that 
PVT1 directly interacted with EZH2 in NSCLC.

PVT1 regulated the expression of YAP1 through 
EZH2-mediated miR-497 promoter methylation

lncRNA PVT1 was reported to recruit EZH2 into the 
promoter of target genes to induce methylation, therefore 
inhibiting transcription of the target genes. As PVT1 could 
down-regulate LAST2 and up-regulate YAP1, we wondered 
whether it was involved in the regulation of methylation. 
First, we suppressed the expression of EZH2 using siRNAs 

in A549 and H1299 cells to confirm relationship of EZH2 
and YAP1 expression levels. As results shown in Figure 
4A, the mRNA expression level of EZH2 was successfully 
suppressed by si-EZH2 in the both cell lines, while 
expression of miR-497 was inversely increased after EZH2 
knockdown, and YAP1, a known target gene of miR-497, 
was downregulated along with the upregulation of miR-497 
(Fig.4B). To verify the interaction between EZH2 with miR-
497 promotor, ChIP assays using EZH2 and H3K27me3 
antibodies were performed. The qPCR results of miR-497 
promotor indicated that EZH2 could directly bind to the miR-
497 promoter region and mediate H3K27me3 modification, 
and the PVT1 overexpression promoted these interactions 
(Fig.4C). Moreover, we detected methylation modification of 
the miR-497 promoter with MSP after EZH2 knockdown or 
5-Aza-dC treatment- an inhibitor commonly used for DNA 
methylation. Results showed that methylation level of the 
miR-497 promoter was significantly decreased in A549 and 
H1299 cells in si-EZH2 and 5-Aza-dC groups compared to 
the control group (Fig.4D), further suggesting that expression 
of the miR-497 may be regulated by EZH2 through DNA 
methylation of the corresponding microRNA promoter. 
Besides, after treatment with DNA methylation inhibitor 
5-Aza-dC, expression of miR-497 was increased obviously. 
This could be inversed by combined treatment with PVT1 
overexpression, while the changes of YAP1 expression were 
on the contrary (Fig.4E). As expected, the protein levels 
of LAST2 and phosphorylated YAP1 were significantly 
upregulated after 5-Aza-dC treatment, which could be 
inversed by PVT1 overexpression (Fig.4F). Taken together, 
these results indicated that PVT1 regulated expression of 
miR-497 and YAP1 through EZH2/H3K27me3-mediated 
miR-497 promoter methylation modification.

Fig.3: Long non-coding RNAs (lncRNAs)-plasmacytoma variant translocation 1(PVT1) directly interacted with enhancer of zeste homolog 2 (EZH2) in non-small 
cell lung cancer (NSCLC). A. Quantitative reverse transcription polymerase chain reaction (qRT-PCR) and western blot analysis, respectively for the mRNA and 
protein expression levels of EZH2 in the NSCLC and adjacent normal tissues (n=30). B. qRT-PCR and western blot analysis, respectively for the mRNA and protein 
expression levels of EZH2 in NSCLC cell lines compared to the normal lung epithelial cells, BEAS-2B. C. Relationship between lncRNA PVT1 and EZH2 verified in 
A549 cells by RNA pull-down and western blot assays using a biotin-labeled probe of PVT1 (bio-PVT1). D. RNA pull-down and western blot assays used to verify 
the PVT1 effect on EZH2 level after PVT1 knockdown by treating with si-lncPVT1 or si-NC in A549 cells. Data are mean ± SD of three independent experiments. 
*; P<0.05, **; P<0.01, ***; P<0.001 compared to the adjacent group or MRC5 group. si-NC; siRNA negative control, Bio-NC; Biotin-labeled negative control, Pull; 
Pull-down group, and SD; Standard deviation.
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Fig.4: pcDNA-PVT1 vector for overexpression (PVT1) regulated expression of yes-associated protein 1 (YAP1)  through enhancer of zeste homolog 2 (EZH2) 
-mediated microRNA-497(miR-497) promoter methylation. A. Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis for the expression 
levels of EZH2, miR-497 and YAP1 in A549 and H1299 cells after EZH2 knockdown, treated with si-EZH2 or si-NC. B. Western blot analysis for the protein levels of 
EZH2 and YAP1 in A549 and H1299 cells after EZH2 knockdown, treated with EZH2 siRNA for knockdown (si-EZH2) or si-NC. C. ChIP–qPCR of EZH2 occupancy and 
H3K27me3 binding in the miR-497 promoter in H1299 cells with or without PVT1 overexpression. a, b and c represented respectively three pairs of amplification 
primers for miR-497 promoter; and d and e represented respectively two pairs of amplification primers for U6 promoter as internal references. D. MSP analysis 
for the methylation level of miR-497 promoter in A549 and H1299 cells treated with si-EZH2 or 5-Aza-dC. E. qRT-PCR analysis for the expression levels of miR-497 
and YAP1 in A549 and H1299 cells treated with 5-Aza-dC or combined with PVT1 overexpression. F. Western blot analysis for the protein levels of LAST2 and YAP1 
phosphorylation in A549 and H1299 cells treated with 5-Aza-dC or combined with PVT1 overexpression. Data are mean ± SD of three independent experiments, 
*; P<0.05, **; P<0.01 compared between siRNA negative control (si-NC) and si-EZH2 groups or compared between groups as shown with a horizontal line.5-aza-
2-deoxycytidine;A549 and H1299; Two of human lung carcinoma cell lines, ChIP; Chromatin immunoprecipitation, MSP; Methylation-specific polymerase chain 
reaction, LAST2; Large tumor suppressor kinase 2 protein, and SD; Standard deviation.
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PVT1 promoted NSCLC cells epithelial-mesenchymal 
transition and migration through activation of 
NOTCH1 signaling pathway

To test whether PVT1 regulates invasion of NSCLC 
cells through activation of NOTCH1 signaling and 
epithelial-mesenchymal transition (EMT), expression 
of YAP1, NOTCH1, NICD and HES1 were assessed in 
A549 and H1299 cells after YAP1 knockdown with or 
without PVT1 overexpression co-transfection. Results 
showed that YAP1 knockdown suppressed expressions 
of NOTCH1, NICD and HES1 (Fig.5A, B), indicating 
that activation of Hippo signaling pathway suppressed 
activation of NOTCH signaling pathway; while PVT1 
overexpression compensated these effects (Fig.5A, B), 
indicating that PVT1 promoted activation of NOTCH 

signaling pathway by suppressing Hippo signaling 
pathway through YAP1 overexpression. EMT markers 
(N-CADHERIN, VIMENTIN, E-CADHERIN and 
TWIST1) were downregulated in A549 and H1299 
cells, while PVT1 overexpression reversed these effects, 
indicating that PVT1 promoted EMT of NSCLC cells 
through upregulated YAP1 (Fig.5C). Then, we further 
evaluated their effects on cell migration. Transwell assays 
demonstrated that YAP1 knockdown could significantly 
diminish migration and invasion abilities of A549 and 
H1299 cells. These effects were reversed by PVT1 
overexpression (Fig.5D). Taken together, our results 
demonstrated that lncRNA-PVT1 promoted invasion and 
EMT of NSCLC cells through activation of NOTCH1 
signaling.
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Fig.5: Long non-coding RNAs (lncRNAs)-plasmacytoma variant translocation 1(PVT1) promoted invasion and epithelial-mesenchymal transition (EMT) of non-
small cell lung cancer (NSCLC) cells through activation of notch receptor 1 protein (Notch1) signaling via yes-associated protein 1 (YAP1). A. Quantitative reverse 
transcription polymerase chain reaction (qRT-PCR) analysis for the expression levels of the key protein molecules in Notch signaling pathway of A549 and 
H1299 cells, after YAP1 knockdown or co-transfection with PVT1 overexpression. B. Western blot analysis for the key proteins in Notch signaling pathway and 
C. marker proteins of EMT in A549 and H1299 cells after YAP1 knockdown or co-transfection with PVT1 overexpression. D. Matrigel-free transwell assay for cell 
migration were confirmed in A549 and H1299 cells, after YAP1 knockdown or co-transfection with PVT1 overexpression. Data are mean ± SD of three independent 
experiments, *; P<0.05, **; P<0.01, ***; P<0.001 compared between groups as shown with a horizontal line, si-NC; siRNA negative control, si-YAP1; YAP1 siRNA 
for knockdown, A549 and H1299; The human lung carcinoma cell lines, and SD; Standard deviation.

Discussion
NSCLC accounts for almost 80% of lung cancer, as 

the leading cause of cancer mortality (22). Even though 
great progresses have been made in surgical resection, 
chemoradiotherapy or target drugs, its prognosis is still 
poor (2). Hence, it is of most importance to uncover the 
molecular mechanism of carcinogenesis. Accumulating 
studies have shown that some lncRNAs associate with 
NSCLC generation and they participate in different 
biological processes in NSCLC (23). Previously, PVT1 was 
reported to function as an oncogenic lncRNA, a potential 
prognostic biomarker and therapeutic target in NSCLC 
(23-24). It was reported to act as a competing endogenous 
RNA (ceRNA) for miR-497 in promoting NSCLC 
progression (13)and it could regulate expression of HIF1α 
via functioning as ceRNA for miR-199a in NSCLC (25). It 
also facilitates NSCLC cell invasion through MMP9 (26). 
Besides, PVT1 could promote NSCLC cell proliferation 
through epigenetically regulating LATS2 expression (9). 
Here, consistent with previous study, we confirmed that 
PVT1 was upregulated in NSCLC tissues and cells and 
it might promote proliferation and migration in NSCLC, 
indicating that PVT1 may serve as an oncogene to promote 
NSCLC development and progression.

Hippo pathway is involved in the development of 
NSCLC. LATS1, the core component of Hippo pathway, 
was reported to suppress NSCLC cell proliferation and 
migration (27). While, Tafazzin (TAZ) was reported to 
be overexpressed in 70% NSCLC cell lines and it could 
cause transformation of non-tumorigenic lung epithelial 
cells (28). Besides, constitutively activated YAP, a TAZ 
paralog, was reported to drive NSCLC progression 
and metastasis (29). In this study, we found that PVT1 

regulated expression of YAP1 through EZH2-mediated 
miR-497 promoter methylation. These findings suggest 
that PVT1 regulated Hippo-NOTCH1 signaling pathway 
through epigenetic regulation. Besides, PVT1 activated 
NOTCH1 signaling through YAP1, indicating that YAP1 
is most likely a NOTCH1 upstream driver gene and we, 
for the first time, revealed the molecular mechanism of 
NOTCH1 upregulation in NSCLC.

Increasing evidences showed that EZH2 contributed 
to malignant transformation (30). PVT1 and EZH2 were 
also reported to have correlations. For example, PVT1 
modulates cell proliferation and apoptosis by recruiting 
EZH2 in HCC (11). While, it represses ANGPTL4 
transcription through binding with EZH2 in trophoblast 
cell (31). Besides, it can promote cell proliferation and 
invasion via targeting EZH2 in glioma cells (32). In 
this study, RNA pull-down and RNA binding protein 
immunoprecipitation (RIP) assays were performed 
to verify the relationship between PVT1 and EZH2. 
They demonstrated that PVT1 could recruit EZH2 to 
the promoter of miR-497, thus mediate H3K27me3 
modification. We are the first to clearly elucidate the 
molecular mechanism by which PVT1 inhibits miR-497 
in NSCLC.

EMT progression is of great importance for migration 
of NSCLC cells (33). Investigations on EMT will be of 
great benefit to the bulk of solid malignant tumors, as 
most of human malignancies arise from the epithelium 
tissues 33. However, the functional role of lncRNA in 
modulating EMT in NSCLC is still poorly understood. 
Here, we identified PVT1 as a novel player in modulating 
EMT progress and we also revealed a previously unknown 
mechanism. Regarding that microRNAs may function 
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as oncogenes or tumor suppressors in almost all kind of 
tumors, including NSCLC (34),  identifying and exploring 
their functions may do us a great favor to develop more 
effective biomarkers and therapies. Previously, miR-497 
was reported to suppress TGF-β induced EMT of NSCLC 
by targeting METADHERIN (MTDH) (35). Here, 
consistent with previous reports, we uncovered that miR-
497 inhibits EMT of NSCLC cells via targeting YAP1.

Conclusion
In summary, we demonstrated that PVT1 is an oncogene 

in NSCLC, overexpression of which could promote cell 
proliferation, migration and EMT process via regulating 
the expression of YAP1 through EZH2-mediated miR-497 
promoter methylation. This novel mechanism will lead to 
a better understanding of EMT in NSCLC or even other 
cancers. Overall, these findings indicate that PVT1 might 
be a potential target for NSCLC therapy.
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Abstract
Objective: In customary assisted reproductive technology (ART), oocyte culture occurs in static micro drops of Petri 
dishes with vast media volume; while, the in vivo condition is dynamic. In this study, we aimed to improve the maturation 
efficiency of mammalian oocytes by designing an optimal microchamber array to obtain the integration of oocyte 
trapping and maturation within a microfluidic device and evaluate the role of microfluidic culture condition in lipid 
peroxidation level of the culture medium, in vitro matured oocytes apoptosis, and its comparison with the conventional 
static system.

Materials and Methods: In this experimental research, immature oocytes were collected from ovaries of the Naval 
Medical Research Institute (NMRI) mice. Oocytes were randomly laid in static and dynamic (passive & active) in 
vitro maturation culture medium for 24 hours. The lipid peroxidation level in oocyte culture media was assessed by 
measuring the concentration of malondialdehyde (MDA), and the rate of apoptosis in in vitro matured oocytes was 
assessed by the TUNEL assay after a-24 hour maturation period. 
Results: The MDA concentration in both dynamic oocyte maturation media were significantly lower than the static 
medium (0.003 and 0.002 vs. 0.13 µmol/L, P<0.01). Moreover, the rate of apoptosis in matured oocytes after a-24 hour 
maturation period was significantly lower in passive dynamic and active dynamic groups compared with the static group 
(16%, 15% vs. 35%, P<0.01).

Conclusions: The dynamic culture for in vitro oocyte maturation (IVM) improves the viability of IVM oocytes in 
comparison with the static culture condition. 
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Introduction
In vitro maturation (IVM) of mammalian oocytes is an 

important infertility treatment with substantial assurance. 
At present, IVM methods are very effective when used for 
mice and still regarded experimental in the human clinic 
due to suboptimal fertilization rates and embryo quality. 
Therefore, in order to achieve human embryos that have 
the same developmental potential as embryos resulting 
from standard IVF, assisted reproductive technology 
(ART) must improve increasingly in the field of IVM 
(1). Nevertheless, ART is quite expensive, and it has a 
generally low success rate (2). One of the considerable 
differences between in vivo and in vitro conditions for 
the oocyte/embryo is oxygen tension. Accordingly, in 
vitro culture is kept up with higher concentrations of O2 
in comparison with the in vivo culture, and therefore, 
it can result in the increased production of reactive 
oxygen species [ROS, (3)]. The relatively high oxygen 

concentrations in the in vitro microenvironment of the 
cells may disturb the equilibrium between the formation 
of reactive oxygen species and antioxidants, causing a 
stressful condition called to oxidative stress (1).

Oxidative stress is involved in a wide range of 
biological events, including oxidation of amino acids and 
nucleic acids, apoptosis, necrosis, and membrane lipids 
peroxidation. The plasma membrane of the mammalian 
oocytes is a rich source of unsaturated fatty acids and 
vulnerable to ROS-related lipid peroxidation. The cellular 
structure and metabolic functions of the oocyte can be 
reduced as a result of lipid peroxidation, which is caused 
by ROS. The level of lipid peroxidation is defined by 
measuring the level of malondialdehyde (MDA), which 
is a stable lipid peroxidation product (4). 

Cell death in the form of apoptosis is a physiologic 
phenomenon, occurring during several processes, 
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including gametogenesis/embryogenesis. Although 
apoptosis takes place as an ordinary component of in vivo 
development; however, it is more likely to occur during 
suboptimal in vitro culture conditions (1).

To date, all efforts and advances made in this area 
caused modifications in the ingredients of culture media, 
while there is no significant change in the physical 
instruments utilized for handling and manipulation of 
oocytes/embryos in ART research centers (5, 6). 

Unfortunately, embryology laboratories still use petri 
dishes and fine-bore-glass-pipettes as static culture 
systems (2). Such conditions result in the induction of 
numerous alterations in oocytes and embryos. There are 
more controllable factors, such as media components, 
protein supplements, and embryo density. However, all 
of these compounds are static for several days and cells 
have to reside for a long time; therefore, cellular damages, 
such as epigenetic alterations may occur. It seems that 
simulating in vivo dynamic conditions in the culture 
medium increases its culture quality (7). Obviously, the 
dynamic environment of tubal/uterine produces a unique 
condition capable of supporting embryo development 
and it can also regulate gene expression (8) and interrupt 
cell-surface gradients on embryos (9). These gradients, 
such as potassium, calcium, and oxygen also exist in 
conventional static culture conditions, possibly through 
the secretion of trophic autocrine/paracrine factors; 
however, because of the nature of static conditions, the 
previously mentioned gradients cannot be disturbed, 
and therefore would not provide a more homogenous 
environment similar to in vivo dynamic culture systems 
[DCSs, (3)]. It is assumed that IVM of oocytes in a 
microfluidic environment can resemble in vivo conditions 
for oocyte development more closely and thus benefiting 
the maturation of efficient oocyte and subsequent embryo 
development. It is worth mentioning that each individual 
event during oocyte maturation can highly influence the 
subsequent embryonic development (10, 11).

Accordingly, the main goal of this study is to evaluate 
the effect of microfluidic culture condition on MDA 
concentration in culture media, in vitro matured oocytes 
apoptosis, and its correlation with conventional static 
system. A microfluidic device made (Patent No. 96301) 
by colleagues were used as dynamic culture condition 
(12). The success and applicability of the present device 
in the reduction of apoptosis and MDA production are the 
focus of this study.

Materials and Methods
Study design and animals

In this experimental study, immature oocytes were 
obtained from ovaries of the Naval Medical Research 
Institute (NMRI) mice (Pasteur Institute, Tehran, Iran) 
with an age range of 6-8 weeks, and sperm samples were 
acquired from male mice with an age range of 8-10 weeks. 
They were kept under a controlled condition with 12-
hour light/dark cycle, constant temperature, and relative 

humidity conditions with free access to water and food. 
All experiments procedures were carried out according 
to the Ethics Guidelines of Tabriz University of Medical 
Sciences (Registration number: 796973). Oocytes were 
randomly laid in static and dynamic (passive and active) 
in vitro maturation culture media for 24 hours. The lipid 
peroxidation level in oocyte culture media was assessed 
by measuring the MDA level, and the rate of apoptosis in 
the in vitro matured oocytes was assessed by the TUNEL 
assay after a-24 hour maturation period.

Computational model
COMSOL multiphysics software was employed for 

modeling and simulation of IVM microfluidic device 
to optimize the design, improve the performance, and 
reduce the process time. COMSOL is an interactive 
environment for modeling and simulating scientific 
and engineering problems. It permits conventional 
physics-based user interfaces and coupled systems 
of partial differential equations (PDEs) and enables 
the simulation of designs and devices dependent on 
electromagnetics, structural mechanics, acoustics, 
fluid flow, heat transfer, and chemical engineering 
behavior.

Herein, we built finite element models and used 2D and 
3D simulations to study the flow behavior in microchannel 
and microchambers. The model is based on the steady-
state Navier–Stokes equation for incompressible 
Newtonian fluid (13):

∂ρ/∂t + ∇.(ρu) = 0                                                            (1)

ρ ∂u/∂t + ρ(u.∇)u + ∇p - μ∇2 u -(λ + μ)∇(∇.u) = f    (2)

Where u is the velocity vector field, p the pressure, ρ the 
medium density, μ the dynamic viscosity, λ the molecular 
mean free path, and f the body force. 

In addition, the computational fluid dynamics was 
utilized to anticipate the wall shear stress as a function of 
the channel width and flow rate. Since the channel length 
was significantly large compared with the channel height, 
the system could be effectively modeled using a 2D 
simulation. Using these conditions, the maximum shear 
stress applied to the cell (τs) could also be assessed by this 
equation (14):

τs=  (6 ×2.95 μQ)/H2                                                                                                    (3)

Where H is channel height,  the medium viscosity, and 
Q the flow rate.

Device design and fabrication
The device was optimally designed using a finite 

element method (FEM) under the defined criteria and then 
fabricated using standard soft lithography procedures in 
our previously published work (15).
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Master molds patterned with 200-µm thick resist were made 
by patterning a negative photoresist (SU-8 2050; Microchem, 
MA, USA) on a standard PCB substrate. The main biochip is 
then injection molded into the associated masters by pouring 
uncured PDMS pre-polymer (Sylgard 184; Dow Corning, 
MI, USA) solution over the masters. PDMS was chosen 
for this microfluidics system microfabrication because of 
its favorable mechanical properties, optical transparency, 
biocompatibility (16, 17), and straightforward manufacturing 
by rapid prototyping (12).

To remove microbubbles, the solution was then degassed 
in a desiccator using a single stage vacuum pump and 
kept in the oven at 70˚C for 90 minutes, and then peeled 
off from the master. To improve the adhesion, the upper 
and lower PDMS layers were surface-treated utilizing a 
corona discharge gun for 4 minutes, and then bonded 
under the pressure. The bonded layers were then heated 
in the oven up to 70˚C for 20 minutes to reinforce the 
bonding. Two sampler tips were then fixed on the upper 
layer as the inlet and outlet reservoirs.

Two types of devices (Passive and Active) consist of two 
PDMS layers, with a microchannel in the upper layer and 
a microchamber array in the lower one. The microchannel 
had a 7-mm length, 140-μm width, and 200-μm depth 
to transport oocytes, and the inlet and outlet were 
connected to the microchannel (Fig.1A). Square-shaped 
microchambers had a 120-μm width, 120-μm, 360-μm, 
600-μm and 900-μm length, respectively, at a 250-μm 
interval distance to trap oocytes. The four microchambers 
were designed to compare their performance in oocyte 
capture and developmental competency of cumulus 
oocyte complexes (COCs) in groups of 1, 3, 5, and 7. 

During the experiment, oocytes were loaded into the funnel 
shape inlet port, transported through the microchannel and 
lodged in the microchamber array. The design of the present 
culture microfunnels were selected rather than culture 
channels to minimize excessive fluid mechanical stress that 
may be associated with passage through narrow channels 
in previous studies (18). The illustration of the microfluidic 
device and microchamber array and the final assembled 
device are shown in Figure 1A, B.

Fig.1: Schematic view of the proposed microfluidic device. A. Illustration 
of the microfluidic device and microchamber array (15), and B. Fabicated 
microfluidic device (12).

Superovulation, oocyte collection, and in vitro 
maturation

To obtain immature oocyte, female mice were induced by 
superovulation. They were injected intraperitoneally (i.p.) 
with 10 IU of PMSG (Gonaser®, Laboratorios Girona, 
Spain). Oocytes were retrieved 46–48 hours after PMSG 
injection. 

Animals were sacrificed by cervical dislocation and their 
ovaries were removed and placed in tissue culture dishes 
(BD Falcon, 35 x 10 mm) containing human tubal fluid-
HEPES buffered (GC-HTF W/HEPES; Genocell ideal, 
Iran) supplemented with 10% (v/v) qualified fetal bovine 
serum (FBS, Gibco, Invitrogen, South America). COCs 
were released by follicular puncturing with the aid of a pair 
of 28G needles under a stereomicroscope (Olympus, Japan) 
(19). Only cumulus intact oocytes in germinal vesicle (GV) 
stage evenly granulated cytoplasm were selected and moved 
to maturation medium (20). After several washes, just fully 
expanded COCs (19, 20) were divided into dynamic (passive 
and active) and static culture system groups, randomly and 
synchronously.

In dynamic groups, COCs were loaded into microfluidic 
chips pre-filled with 15-20 µL of human tubal factor (HTF) 
medium supplemented with 10% (v/v) qualified fetal bovine 
serum, 10 µg/mL follicle stimulating hormone (FSH), 10 
µg/mL luteinizing hormone (LH), and 1 µg/mL estradiol-
17ß (Sigma Chemical company, St. Louis, MO, USA) as an 
IVM medium (5 oocytes/15 µL medium) and left to rest for 
5 minutes. COCs were incubated in a humidified atmosphere 
with 5% CO2 at 37˚C for 20-24 hours (21).

As shown in Figure 2A, a syringe pump was connected to 
the inlet reservoir to generate a negative-pressure driven flow. 
The flow lasted for 2 minutes at an inlet velocity of 0.5 mm/s 
to guide oocytes into the microchamber array area.

In the active dynamic group, we utilized a low flow rate 
peristaltic pump (Langer Instruments, USA), which produced 
pulsatile fluid movement (1µL/h), but in the passive dynamic 
group, we did not use any pump, and fluid movement was 
made by gravity.

B

A
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Fig.2: Schematic view of the experimental perfusion system comprising.  
A. a syringe pump and B. the fabricated microfluidic chip.

In the static group, COCs were set in several droplets of the 
IVM medium (15 oocytes/50 µL medium under mineral oil) 
(20, 22) in tissue culture dishes and after that incubated in a 
similar condition used for experimental (dynamic) groups for 
24 hours. Then, apoptosis in two groups was assessed under a 
fluorescent microscope (Labomed, USA). 

TUNEL assay
The TUNEL assay and propidium iodide staining were 

performed to evaluate DNA fragmentation in oocytes. 
Following several washings in PBS (Gibco, Grand Island, NY, 
USA), oocytes were fixed in 3.7% paraformaldehyde solution 
(Wako, Japan), treated with 0.1% Triton X-100 solution 
(Sigma, Germany) for 40 minutes and exposed to the blocking 
solution at 4˚C overnight. Then, oocytes were primarily 
incubated in TUNEL solution (Roche, Germany) at 37˚C for 
an hour according to the manufacturer’s guidelines. Negative 
control oocytes were incubated only in the fluorescent solution 
lacking the enzyme to ensure the absence of labeling. For the 
positive control, a number of oocytes prior to the incubation 
with TUNEL staining solution were incubated with 50 µg/ml 
of the DNase I solution (Sigma, Germany) for one hour and 
then treated with the TUNEL solution.  Oocytes were stained 
with 50 µg/ml of the propidium iodide (Sigma, Germany) 
solution for 20 minutes to label nuclei and examined under a 
fluorescent microscope (Labomed, USA).

TUNEL assay
The TUNEL assay and propidium iodide staining were 

performed to evaluate DNA fragmentation in oocytes. 
Following several washings in PBS (Gibco, Grand Island, 
NY, USA), oocytes were fixed in 3.7% paraformaldehyde 
solution (Wako, Japan), treated with 0.1% Triton X-100 
solution (Sigma, Germany) for 40 minutes and exposed to 
the blocking solution at 4˚C overnight. Then, oocytes were 
primarily incubated in TUNEL solution (Roche, Germany) 
at 37˚C for an hour according to the manufacturer's 
guidelines. Negative control oocytes were incubated only 
in the fluorescent solution lacking the enzyme to ensure the 
absence of labeling. For the positive control, a number of 
oocytes prior to the incubation with TUNEL staining solution 
were incubated with 50 µg/ml of the DNase I solution 
(Sigma, Germany) for one hour and then treated with the 
TUNEL solution.  Oocytes were stained with 50 µg/ml of the 
propidium iodide (Sigma, Germany) solution for 20 minutes 
to label nuclei and examined under a fluorescent microscope 
(Labomed, USA).

MDA assay
In order to determine malondialdehyde (MDA) 

concentration in oocyte culture media, we used the MDA 
assay method. Lipid peroxidation was measured by the 
reaction of thiobarbituric acid (TBA) with MDA. The content 
of MDA was determined spectrofluorometrically using a 
spectrofluorometer (PG instruments T70 UV/VIS, 532 nm).

The MDA fluorescence intensity of oocyte was evaluted 
utilizing different concentrations of tetraethoxy-propane as 
the standard. The results are expresed as µmol MDA/L of the 
culture medium.

Statistical Analysis
All statistical analyses were implemented utilizing 

Service Provisioning System Software (SPSS) 22 
for windows (SPSS, Chicago, IL, USA). The in vitro 
maturation and apoptosis rate in static and dynamic 
groups were compared by one-way analysis of variance 
(ANOVA) followed by Tukey,s Post Hoc test. Data are 
expressed as means ± SE. Differences at P-value of less 
than 0.05 were considered statistically significant.

Results
Computational analysis of the shear stress profile

We used computational fluid dynamics (CFD) 
features of COMSOL multiphysics to predict velocity 
profiles and shear stress patterns in our proposed 
structure. The culture medium (HTF) was modeled at 
a density of 1000 kg/m3 and a dynamic viscosity of 
0.001 Pa.s (23). A uniform inlet velocity of 0.5 mm/s 
was used to simulate the experimental conditions. A zero 
pressure condition was applied to the outlet. No-slip boundary 
conditions were applied in the microchannel walls. Steady-
state 2D velocity profiles and streamlines were obtained.

Figure 3 represent velocity contours and streamlines of 
the laminar flow, resulting from the 2D simulation under 
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an average inlet velocity of 0.5 mm/s. As shown in Figures, 
higher flow penetration in the chambers was achieved in 
larger chambers (600 and 900 μm in length) compared 
with the smaller ones (120 and 360 μm in length). This was 
supposed to have significant impacts on oocyte maturation 
due to better media circulation along the chambers.

Fig.3: Simulation results obtained from COMSOL Multiphysics software. 
A. Velocity contours for microchambers with different lengths, and B. 
Streamlines for microchambers with different lengths.

Another vital parameter is the total stress parameters applied 
to the oocyte during maturation period. Extra tangential forces 
have degrading effects on the oocytes and could even cause 
degeneration (24). These forces could be measured in terms 
of the shear stresses from mechanical point of view. The 
resulting shear stress parameters within the microchambers 
are also calculated in the COMSOL using equation (3).

Figure 4 represents the shear stress profile for the 
different microchambers lengths. Here the extreme 
values (positive and negative peaks) correspond to 
chamber walls where an absolute maximum shear stress 
occurs over the oocytes and the sign of shear stress only 
explain changes in the direction of flow. For an inlet 
velocity of 0.5 mm/s, the maximum wall shear stress 
inside the microchannel was 0.04 dyne/cm2, which was 
significantly lower than the average wall shear stress 
amplitude that an oocyte can tolerate (1.2 dyne/cm2) (24). 
According to the simulation results (Fig.3A, B), it can be 
deduced that the fluid velocity inside the microchambers 
is much lower than the fluid velocity inside the main 
channel (red and blue colors indicate the highest and 
lowest velocities, respectively). As a result, when 
oocytes are placed inside the microchambers, very 

small shear stress is applied, and the maximum amount 
of shear stress is applied to the oocytes only at the 
beginning and end of each microchamber.

Fig.4: The shear stress profile in the microchannel.

Qualitative observations
Figure 5 indicates that all positive control oocytes were 

labeled by TUNEL assay solution and appeared as green-
colored. None of the negative control oocytes were labeled 
by TUNEL assay solution and only counterstained by 
propidium iodide and observed as red-colored (Fig.5B). 
As shown in Figure 5C, in vitro matured oocytes were 
stained to assess apoptosis, i.e., the apoptotic cells were 
well labeled with TUNEL staining solution and quite 
distinct from the non-apoptotic cells (Fig.5D).

Fig.5: Microscopic view of mouse stage metaphase II oocytes under a 
fluorescent and stereo microscope. A. Cell nuclei were stained as green-
colored after incubation with DNase I (positive control). B. Microscopic 
view of mouse oocytes under a fluorescent microscope; no cells were 
marked in the absence of terminal deoxy transferase but cells with stained 
nuclei with the propidium iodide (negative control). C. Microscopic view 
of an apoptotic cell. D. Microscopic view of a non-apoptotic cell. Upper 
figures were incubated with DNase I; middle figures were incubated with 
propidium iodide, and the below figures were not incubated.
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The apoptosis rate in matured oocytes after a 24-hour 
maturation period

As shown in Figure 6A, the rate of apoptosis in matured 
oocytes after a 24-hour maturation period showed a 
significant difference in passive dynamic and active 
dynamic groups compared with the static group (16%, 
15% vs. 35%, P<0.01).

MDA assay
The means ± SD of lipid peroxidation values, as 

determined by the MDA assay, in cultured oocytes are 
shown in Figure 6B.

Fig.6: Graphical representation of the rate of apoptosis and MDA assay 
outcomes. A. The number of apoptotic oocytes in three groups. B. The 
concentration of MDA of three groups in oocyte culture media. Data 
are expressed as mean ± SE. Asterisks indicate statistically significant 
differences relative to the static group. MDA; malondialdehyde, and **; 
(P<0.01). 

Discussion
This paper describes the effect of dynamic culture 

system on immature oocyte development by microfluidic 
chip, exclusively designed and constructed by the present 
authors (Patent No. 96301) (12). For having a good 
quality embryo, high quality matured oocyte is necessary. 

It has been reported that a dynamic culture of pre-
implanted embryos plays a role in successful implantation 
and ongoing normal pregnancies due to obtaining the 
developmental competence. However, few studies 
focused on the dynamic culture of immature oocytes (25). 
To do ART procedures, such as intracytoplasmic sperm 
injection (ICSI), the induction ovulation was performed. 
Frequently, a number of oocytes obtained after stripping 
contained at least one immature oocyte (i.e., oocytes at 
the metaphase I (MI) or GV stage of development) (26). 
Therefore, the rescue of immature oocytes would be 
critical. Conventional culture condition is static; however, 
the in vivo condition is dynamic. The dynamic condition 
is optimal for cell development (12). The present findings 
showed that the dynamic culture during IVM efficiently 
improved oocyte development. Embryos acquired 
from dynamic matured oocytes demonstrated higher 
development compared with the blastocyst stage, which 
is consistent with previous studies (27, 28). 

Oocyte maturation is the most significant stage in ART 
protocols, since it determines subsequent successful 
fertilization, zygote formation, and suitable transition to 
the blastocyst stage, as well as appropriate implantation 
(8, 29). 

For achieving a high quality embryo, efficient matured 
oocyte would be necessary. The application of the lab-on-
a-chip (LOC) system in reproductive biology provides new 
possibilities for the development of techniques to assess 
the developmental competency of mammalian oocytes. 
This system may provide controllable microenvironments 
specialized for embryo development in addition to an 
automated platform for performing the multiple IVF steps 
(30-33).

Willadsen first reported on the importance of the 
microenvironment and embryo handling/culture in the 
1970s (33). Choi developed a microfluidic device capable 
of selecting normal oocytes with relatively high specificity 
(34). Similarly, intrinsic sperm mobility and microfluidic 
laminar flow were used to isolate motile spermatozoa 
from non-motile sperm, debris and seminal plasma (35, 
36). Zeringue developed a microfluidic platform for the 
control of embryo positioning, movement, and zona 
pellucida removal for chimeric and transgenic production 
(37). Although these devices provide convenient handling 
properties for spermatozoa, oocytes, and embryos, they 
did not address the potential of microfluidics technology 
in their developmental competency. Therefore, the present 
research has been planned to investigate the oocyte 
maturation improvement.  

Our results from this comparative controlled research 
proposed that the microenvironment obtained by 
microfluidics supports enhanced the immature oocyte 
development compared with the conventional static culture 
conditions and decreased apoptosis rate and MDA level in 
the dynamic condition in comparison with the static one. 
The greatest development of immature oocytes has been 
shown to occur in small volumes or in the presence of 
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multiple similar cells, which is likely due to the beneficial 
effects of autocrine oocyte secreted factors (OSFs) (38, 
39). Oocyte culture in dynamic condition, due to small 
microenvironment, result in better effect of autocrine 
factors (12).

Our findings have also affirmed those of previous 
studies. We demonstrated that fluid movement and 
mechanical agitation of immature oocytes during dynamic 
culture could improve their development. We observed 
significantly lower apoptosis rate in dynamic culture 
groups compared to the static group (P<0.01). 

Moreover, the MDA level in dynamic groups was 
considerably low in comparison with the static group 
(P<0.01). Previous studies did not provide strong 
evidence concerning oxidative stress in oocytes. The 
relatively high oxygen concentrations in the pre-
implantation embryos disturb the balance between the 
formation of reactive oxygen species and antioxidants, 
leading to oxidative stress (40). Esfandiari et al. showed 
a significant correlation (P<0.0001) between the level of 
ROS in different embryo culture media and they reported 
that a positive association between the levels of ROS at 
24 hours and the blastocyst apoptosis rate (1). To date, 
no study compared the level of MDA and apoptosis rate 
in two culture media (static and dynamic) by the national 
production, but our results suggest such a survey would 
be warranted. 

Conclusion
In this study, we utilized a microfluidic device for 

MDA assay and apoptosis rate of in vitro matured 
oocytes compared with the static system. Our results 
show that the utilization of microfluidic device in 
order to provide a dynamic culture condition has 
optimal effects on apoptosis and the decrease of MDA 
production. In present study, immature oocytes rescued 
in dynamic condition.
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Abstract
Objective: Sexual dimorphism in mammals can be described as subsequent transcriptional differences from their 
distinct sex chromosome complements. Following X inactivation in females, the Y chromosome is the major genetic 
difference between sexes. In this study, we used a male embryonic stem cell line (Royan H6) to identify the potential 
role of the male-specific region of the Y chromosome (MSY) during spontaneous differentiation into embryoid bodies 
(EBs) as a model of early embryonic development.

Materials and Methods: In this experimental study, RH6 cells were cultured on inactivated feeder layers and Matrigel. In a 
dynamic suspension system, aggregates were generated in the same size and were spontaneously differentiated into EBs. 
During differentiation, expression patterns of specific markers for three germ layers were compared with MSY genes.

Results: Spontaneous differentiation was determined by downregulation of pluripotent markers and upregulation of 
fourteen differentiation markers. Upregulation of the ectoderm markers was observed on days 4 and 16, whereas 
mesoderm markers were upregulated on the 8th day and endodermic markers on days 12-16. Mesoderm markers 
correlated with 8 MSY genes namely DDX3Y, RPS4Y1, KDM5D, TBL1Y, BCORP1, PRY, DAZ, and AMELY, which 
were classified as a mesoderm cluster. Endoderm markers were co-expressed with 7 MSY genes, i.e.  ZFY, TSPY, 
PRORY, VCY, EIF1AY, USP9Y, and RPKY, which were grouped as an endoderm cluster. Finally, the ectoderm markers 
correlated with TXLNGY, NLGN4Y, PCDH11Y, TMSB4Y, UTY, RBMY1, and HSFY genes of the MSY, which were 
categorized as an ectoderm cluster. In contrast, 2 MSY genes, SRY and TGIF2LY, were more highly expressed in RH6 
cells compared to EBs.

Conclusion: We found a significant correlation between spontaneous differentiation and upregulation of specific MSY 
genes. The expression alterations of MSY genes implied the potential responsibility of their gene co-expression clusters 
for EB differentiation. We suggest that these genes may play important roles in early embryonic development. 

Keywords: Embryoid Bodies, Human Embryonic Stem Cells, Human Y Chromosome Proteome Project,  RH6 Cell 
Line, Spontaneous Differentiation 
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Introduction
Immediately after fertilization, the sex of the human 

embryo is determined by the spermatozoon carrying 
either a Y or an X chromosome (1). The sex chromosomes 
induce specific aspects of organ development in 
the absence of gonadal sex hormones (2). There are 
fundamental metabolic differences between female 
and male preimplantation embryos (3, 4). Briefly, three 
main aspects of sexual dimorphism have been observed 
including gene expression profiles, kinetics of growth, 
and embryonic mortality (5). Male embryos have a greater 

number of cells and metabolic activities than females with 
a significantly faster development (6-8).

Sexual dimorphisms are genetically initiated very early 
in embryonic development (9, 10); however the exact 
molecular mechanisms leading these differences remain to 
be comprehended. The sex chromosomes have conserved 
the essential sex-specific genes on a set of ancestral 
autosomes (11). Different chromosomal complements can 
display sexual dimorphism due to the different expression 
patterns of genes during preimplantation development 
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(12, 13). The X chromosome is inactivated in the 
differentiated state of human embryonic stem 
cells (hESCs), causing the same content of the X 
chromosome in both sexes (14). Otherwise, it typically 
results in premature abortion and fetal death (15). 
The Y chromosome is the major genetic difference 
between sexes and plays an important role in male 
embryos especially at the preimplantation stage of 
early fetus development. The Y chromosome size is 
approximately 60 Mb containing two distinct segments. 
The male-specific region of the Y chromosome (MSY) 
contains genes specific to sexual dimorphism and 
undergoes no meiotic crossing over with a homolog. 
Two pseudo-autosomal regions flank the MSY on both 
sides and frequently undergo X−Y crossing over at 
male meiosis. (16). There are 47 genes on the MSY 
region as described in NeXtProt, of which 26 genes are 
validated at protein level (PE1), 11 genes at transcript 
level (PE2), 3 genes at homology base (PE3) and 7 
genes at uncertain level (PE5) (www.nextprot.org, 
v2.23.1).

The Chromosome-Centric Human Proteome Project 
(C-HPP) has been established to identify all proteins 
encoded by each human chromosome (17, 18). The 
Y-Chromosome Human Proteome Project (Y-HPP), as part 
of C-HPP, identifies and annotates protein products of the Y 
chromosome genes using many methods including the cell-
based approache, as one of the most important approaches 
(19). By taking advantage of hESCs, we can show how Y-HPP 
has been conducted to gain a rich understanding of the MSY 
genes during development. Two individual characteristics 
of hESCs make them well-matched for this kind of studies. 
First, hESCs provide a unique self-renewal capacity and an 
abundant source for proteomics analysis. Second, hESCs 
offer an interesting opportunity for simulating human 
embryonic development in vitro by generating all cell types 
related to the three germ layers (20). 

In hESCs, a range of tissue-specific differentiation 
is initiated via the formation of tissue-like spheroids 
called embryoid bodies (EBs) (21). EBs are 
3-dimensional ESC aggregates that can determine 
the major genes involved in early embryogenesis 
following the lineage events to form three germ 
layers (mesoderm, endoderm, and ectoderm) (21-23). 
The lineage-specific differentiation of EBs in vitro 
recapitulates those seen in the developing embryo in 
vivo (24). On the other hand, EBs establish a model 
to simulate the in vivo differentiation process of 
ESCs under in vitro conditions to find the missing 
proteins by analyzing their expression levels and study 
possible effects of the human Y chromosome genes 
during spontaneous differentiation of hESCs (25-27). 
Although the expression profile of MSY genes has 
been transcriptionally detected in human pluripotent 
stem cells (28), a systematic expression profiling at 
the early developmental stages is needed. Here we 
aimed to determine a dynamic pattern of 38 MSY 
gene expressions at the early developmental stages of 

hESCs into EBs by analyzing transcriptional data.

Materials and Methods
Cell culture

This experimental study was carried out in accordance 
with the guide for the care and use of laboratory animals 
and approved by the Local Ethical Committee of Royan 
Institute for Stem Cell Biology and Technology with a 
code number IR.ACECR.ROYAN.REC.1396.15.

In this study, Royan H6 (RH6), a human embryonic stem 
cell line, was cultured on a mouse embryonic fibroblast 
(MEF) feeder layer. MEFs were mitotically inactivated 
prior to the addition of the RH6 cells by adding mitomycin 
C (10 µg/mL, Sigma, Netherlands). The base media for 
hESC was prepared with a combination of DMEM / 
F12 (Gibco) supplemented with 20% knockout serum 
replacement (KOSR, Gibco), 1% nonessential amino acids 
(Gibco), 1% insulin-transferrin-selenium (ITS, Invitrogen), 
0.1mM beta-mercaptoethanol (Sigma, Germany), and 100 
units/mL penicillin and 100μg / mL streptomycin (Gibco). 
Human recombinant bFGF (Basic fibroblast growth factor) 
(Royan Biotech, Iran) was added to the hESC media (final 
concentration, 12 ng/ml) at the seeding time. The cell cultures 
were incubated at 37˚C in a 5% CO2 atmosphere with daily 
media changes. The cells were passaged upon reaching 70% 
confluence. Then, RH6 cells were cultured on a thin Matrigel 
layer in hESC media containing 100 ng/ml bFGF free of 
any feeder cells for induction of an efficient differentiation. 
Freshly coated-Matrigel plates were prepared at least 2 
hours prior to seeding the cells, according to manufacturer’s 
instructions. Briefly, for a 6-well plate, 500 μL of diluted 
Matrigel solution was used per well and incubated at 37˚C to 
be polymerized. RH6 cells were directly seeded on the wet 
Matrigel coated plate and allowed to settle for 30-90 minutes 
in an incubator (5% CO2, 37˚C) before flooding them with 
culture media. The hESC media was carefully added to each 
sample well. The cultures were maintained for 7 days, with 
daily media changes to form the RH6 colonies.

Dynamic suspension of expanded RH6
After two passages on Matrigel, the RH6 cells were 

transferred to 125 mL spinner flask (Cellspin; Integra 
Biosciences AG, Switzerland) at a 40rpm agitation rate. 
For large-scale expansion, a 100-ml working volume was 
used as previously described (29). Briefly, undifferentiated 
RH6 cells were cultured with the optimal starting 
concentration of 2−3×105 cells/mL at the hESC media, 
which was conditioned by MEFs, fresh 10 mM Rho-
associated kinase inhibitor (ROCKi; Sigma, Netherlands) 
and 100 ng/mL bFGF. The spinner flask was placed on a 
magnetic stir plate in an incubator at 37˚C and 5% CO2 
without changing media during the first two days. RH6 
cells were expanded in a 3D-dynamic suspension culture 
after 4 days. 

Spontaneous differentiation of RH6 into EBs
In the current study, RH6 cells were grown on inactivated 

http://www.nextprot.org
file:///D:/PALET/Work/Work%201400/Royan/Yakhteh%2089/Format/Word/6-Simin%20Nafian%20Dehkordi/javascript:changeCountry()
file:///D:/PALET/Work/Work%201400/Royan/Yakhteh%2089/Format/Word/6-Simin%20Nafian%20Dehkordi/javascript:changeCountry()
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feeder layers to gain the growth factors, cytokines and 
nutrients required for maintaining pluripotency. The cells 
were then transferred onto Matrigel (Sigma, Germany) 
to be free of any feeder cells and were prepared for a 
successful differentiation. The same size aggregates were 
generated from single cells in a dynamic suspension system 
and spontaneously differentiated into three embryonic 
germ layers of EBs. RH6 3D aggregates were formed in 
controlled sizes and shapes by optimizing the agitation 
speed, the impeller type and the incubation density for 4 
days. The homogeneously sized colonies (175 ± 25 μm, 
approximately) were used to generate EBs by inducing 
spontaneous differentiation in static suspension condition 
for 20 days. The EB differentiation media consisted of 
KnockOut DMEM/F-12 base media, supplemented with 
20% fetal bovine serum (FBS; Hyclone), 0.05 mM beta-

mercaptoethanol, 1% glutamine (Gibco), 1% essential amino 
acids, 100 units/mL penicillin and 100 μg/mL streptomycin. 
For spontaneous differentiation, RH6 aggregates were 
cultured as a static suspension system in a 6-cm ultra-low 
attachment dish containing 5 ml of bFGF-free media for 
8 days. The culture media was changed every 2 days. On 
day 8, RH6 aggregates were transferred into 0.1% gelatin-
coated plates to maintain spontaneous differentiation in a 2D 
cell culture system for 12 days, hence undergoing a 20-day 
differentiation. Samples were collected at several time points 
(0, 4, 8, 12, 16 and 20 days) for expression analysis of the 
pluripotency and differentiation markers in comparison to the 
MSY genes in early embryonic development (Table 1, See 
supplementary online information at www.celljournal.org). A 
schematic summarizing the different steps to generate EBs is 
shown in Figure 1.

Fig.1: Schematic view of spontaneous differentiation of RH6 cell suspension into EBs. A. Dynamic suspension culture of RH6 in spinner flasks was followed 
by a two-stage differentiation into EBs in static suspension and adherent cultures, sequentially. B. Several time points were found for expression analysis of 
the pluripotent and differentiation markers. The expression of MSY genes was also investigated to compare with the markers in three germ layers of EBs.
RH6; Royan H6, EBs; Embryoid bodies, and MSY; The male-specific region of the Y chromosome.

A

B

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4533020/figure/f1/
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Ribonucleic Acid Isolation and Quantitative Real-
Time PCR (qRT-PCR)

According to the manufacturer’s protocol, total Ribonucleic 
acid (RNA) was isolated using TRIzol reagent (Invitrogen, 
USA). The purified RNA was reverse-transcribed into cDNA. 
Quantitative real-time PCR (qRT-PCR) was performed in 
the Rotor Gene 6000 (Corbett, Australia). GAPDH was 
used as the housekeeping gene. Finally, relative changes 
in gene expression levels were calculated by the threshold 
(quantification) cycle. The primer sequences (pluripotent and 
the three layer-specific markers) are shown in a Table 2, See 
supplementary online information at www.celljournal.org). 
The highly specific primers were designed for MSY genes 
using Vector NTI software (Life Sciences, USA) and verified 
with NCBI Primer-BLAST (https://www.ncbi.nlm.nih.
gov/tools/primer-blast) (30). The primer sequences (MSY 
genes and transcript variants) are shown in a Table 3, See 
supplementary online information at www.celljournal.org.

Statistical Analysis
Statistical analysis was performed for three biological 

replicates of each gene. Data are presented as mean ± 
SEM. Statistical significance was detected using a two-
way ANOVA (∗P<0.05) in Graphpad Prism software 
(Graphpad Software, USA). The relative expressions 
were compared to D0. Heatmap was generated using the 
heatmap.2 and g-plots libraries in the statistical software R 
(http://www.r-project.org ). Heatmap was used to generate 
gene co-expression clusters based on pairwise Spearman 
correlations. Each square determined the correlation value 
between expression profiles of two genes. According to 
matched expression profiles, hierarchical clustering trees 
of the genes were shown in the top and left sides. The 
circo map was created with circos software (http://www.
circos.ca).

Results
Generation of the three embryonic germ layers 

To study the role of MSY genes in early embryonic 
development, RH6 cells were induced to differentiate 
spontaneously into the three embryonic germ layers of 
EBs. Stem cells were initially cultured on MEFs and 
Matrigel as a feeder layer and complex protein matrix, 
respectively, to maintain self-renewal and pluripotency 
(Fig.2A). Then, in a 3D dynamic suspension culture, 
RH6 single cells formed colonies with the same size and 
retained the characteristics of an undifferentiated hESC. 
Stem cell aggregates grew as a homogenous population of 
small cells forming spheroid clumps with distinct borders 
(Fig.2B). Differentiation was spontaneously induced 
through two sequential steps. At first, the aggregates 
with equal sizes made distinct cystic structures in a static 
suspension culture and closely compacted as a dark 
cavity in the center of the spheroid clumps like a solid 
ball. Therefore, EBs were well-organized with 3 germ 
layers which enlarged several times (Fig.2C). In the next 
step, EBs were cultured on a gelatin-coated plate as 2D 

culture systems to sequentially generate endodermal and 
ectodermal layers (Fig.2D).

Expression of pluripotency and layer-specific markers 
during differentiation

We investigated the expression of some specific 
markers to evaluate cellular pluripotency and spontaneous 
differentiation at several time points (0, 4, 8, 12, 16 and 20 
days). QRT-PCR was used to investigate the expressions 
of pluripotency markers (OCT4, NANOG, and SOX2), as 
well as some layer-specific markers including mesoderm 
(NODAL, MIXL1, BMP4, MESP1, and BRACHYURY 
(T)), endoderm (GATA4, FOXA2, SOX17, and AFP), and 
ectoderm (NESTIN, NOTCH1, PAX6, TP63 and SOX1) 
markers. 

For assessment of spontaneous differentiation, we 
also compared the expression of pluripotency and 
layer-specific markers in all samples. Although layer-
specific markers showed very low expression levels 
in undifferentiated cells, they increased during RH6 
differentiation (Fig.3A). Spearman correlation was 
applied by Heatmap to identify clusters with highly 
similar temporal expression patterns at several time 
points. Our analysis showed four distinct marker clusters 
(Fig.3B). The first cluster consisted of pluripotency 
markers including OCT4, NANOG, and SOX2, which 
are highly expressed in stem cells. The expression 
of pluripotency markers were significantly reduced 
or absent following the initiation of differentiation 
(Fig.3C). The second cluster consisted of 5 markers, 
including NODAL, MIXL1, BMP4, MESP1, and 
BRACHYURY (T), which were more expressed during 
spontaneous EB differentiation. It was indicated by 
an increased expression region for mesoderm markers 
on days 8, approximately, followed by a gradual 
decrease (Fig.3C). The third cluster consisted of 4 
markers including GATA4, FOXA2, SOX17, and AFP, 
which are endoderm markers. Hierarchical clustering 
dendrogram of GATA4, SOX17, and AFP were more 
correlated than FOXA2. Endoderm markers showed 
a more identical pattern in comparison with the rest 
of the clusters (Fig.3C). The expression pattern of 
endoderm markers indicated a transient suppression 
until day 4 by differentiation initiation, following an 
enhancement on days 12-16 and ultimately a reduction 
on day 20 (Fig.3C). The fourth cluster including 
NESTIN, NOTCH1, PAX6, TP63, and SOX1 were 
ectoderm markers. The expression pattern of NESTIN, 
NOTCH1, PAX6, and TP63 were more correlated 
compared to SOX1. They were moderately upregulated 
at the beginning of differentiation and downregulated 
on day 8. However, the expression of the ectoderm 
markers slowly increased from day 12 up to day 16, 
when the maximum expression level was observed. 
Our results showed an upregulation of the ectoderm 
markers on days 4 and 16. From day 16 to 20, however, 
their expressions slowly decreased (Fig.3C).

https://www.ncbi.nlm.nih.gov/tools/primer-blast
https://www.ncbi.nlm.nih.gov/tools/primer-blast
http://www.r-project.org
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Fig.2: Morphology of RH6 colonies and EBs. A. Undifferentiated RH6 showed typical flat colonies with tight edge on the feeder layer (A1) and 
Matrigel (A2). B. The Single cells aggregated in a dynamic suspension culture for 4 days. On the first 3 days, RH6 created spheroid clumps or 
disc-like structures with a homogenous population of small cells (B1). On days 4, the aggregates were the same size (B2). C. In a static suspension 
culture, RH6 aggregates spontaneously differentiated into the EBs for 8 days. The aggregates of equal sizes on day 2 (C1) changed to the cystic and 
dense regions after 4 days (C2). EBs showed a dark cavity containing three germ layers on days 6 and 8, respectively (C3 and C4). D. 3D aggregates 
continued spontaneous differentiation in a 2D cell culture system for more than 12 days. Scale bar is 100µm. RH6; Royan H6, EBs; Embryoid 
bodies. , 3D; Three dimensional (3D) -dynamic suspension culture, and 2D; Two dimensional (2D) cell culture system.

The expression pattern of MSY genes in EB

The X-degenerate, X-transposed and ampliconic 
segments are euchromatic sequences of the MSY 
region of the Y chromosome [16].  The NLGN4Y, 
SRY, ZFY, TXLNGY, AMELY, EIF1AY, GYG2P1, 
DDX3Y, UTY, RPS4Y1, USP9Y, TBL1Y, KDM5D, 
TMSB4Y, PRKY, and RPS4Y2 genes are located on the 
X-degenerate segment. The X-transposed sequences 
encode the TGIF2LY and PCDH11Y genes, and the 
ampliconic segment encodes 8 gene families namely 
DAZ, CDY, VCY, HSFY, RBMY, TSPY, BPY2, and 
PRY (31, 32). 

We investigated the expression pattern of Y 
chromosome genes to determine the genes involved 
in early EB differentiation. In general, our analysis 
was performed for 24 genes at protein evidence level 
(PE1), 8 genes at transcript evidence (PE2), 3 genes 
inferred from homology levels (PE3), as well as 3 
genes at uncertain protein level (PE5), that have been 

demonstrated in Figure S1, See supplementary online 
information at www.celljournal.org).

MSY genes showed altered expression levels during 
EB differentiation, as summarized in Figure 4. The 
expression pattern of 38 MSY genes was compared 
by Circos map at several time points (0, 4, 8, 12, 16 
and 20 days, Fig.4). The inner colored segments were 
representative for each specific gene and the outer 
segments demonstrated the differentiation time points. 
The green segment, for example, was related to the 
ZFY transcript showing the maximum expression on 
days 16 (EB-D16, 85%), 12 (EB-D12, 5%) and 20 
(EB-D20, 10%), respectively. The outside segment of 
differentiation time points represented the contribution 
of the Y chromosome genes in each group (i.e. in EB-
D16, ZFY had the highest fold change ~ 35% among 
MSY genes). The inner segment of differentiation 
time points showed that most of the MSY genes were 
upregulated at EB-D16 (0-145).
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Fig.3: Analysis of expression patterns of pluripotent and layer-specific markers during EB differentiation. A. The expression pattern of pluripotent 
and three germ layer markers. B. Co-expressions of 17 markers in EB differentiation. C. Expression profiles for genes were shown in four clusters. 
Y-axis represents the difference between expression of the genes of a particular cluster and the mean expression of this cluster during time 
points suggesting the number of standard deviations that a particular data point differs from the mean. All data were presented as mean ± SEM 
(*P<0.05). EBs; Embryoid bodies.

Fig.4: Schematic of dysregulated MSY transcripts during spontaneous differentiation. Circos map compared the expression pattern of 38 MSY genes at 
several time points (0, 4, 8, 12, 16 and 20 days). The expression of genes was related to time points of differentiation by inner arcs. The MSY genes were 
sorted in a descending order. Thus the ZFY gene, for example, had the maximal upregulation (0-60) at EB-D16 (~ 35%) while SRY and TGIF2LY indicated the 
maximal downregulation (0-2) during EB differentiation. MSY; The male-specific region of the Y chromosome and EBs; Embryoid bodies.



          Cell J, Vol 23, No 1, April-June (Spring) 202147

Nafian Dehkordi et al.

The expression of MSY genes and EB markers 
were compared by Spearman’s Heatmap. The results 
detected four clusters, which contained highly 
correlated genes (Fig.5). The mesoderm markers 
showed high correlation with 8 MSY genes including 
KDM5D, DDX3Y, RPS4Y1, TBL1Y, BCORP1, PRY, 
DAZ, and AMELY (Fig.5). These genes were highly 
increased by differentiation initiation up to day 8 and 
were categorized as a mesoderm cluster (Fig.6A). 
The endoderm cluster was arranged based on a high 
correlation between endoderm markers and the 7 MSY 
genes: ZFY, TSPY, PRORY, VCY, EIF1AY, USP9Y, 
and RPKY (Fig.5). Among the mentioned genes, VCY 
and TSPY showed more correlation with endoderm 
markers by the Hierarchical clustering trees (Fig.6B). The 
ectoderm markers were grouped with 7 genes known as 
TXLNGY, NLGN4Y, PCDH11Y, TMSB4Y, UTY, RBMY1, 
and HSFY as an ectoderm cluster (Fig.5). The expression 

pattern of PCDH11Y and TMSB4Y demonstrated a 
high correlation with SOX1, which was increased 
by differentiation initiation on day 4 followed by 
a severe downregulation by day 16. In contrast, 
the expression pattern of RBMY1, HSFY, TXLNGY, 
NLGN4Y, and UTY, which were upregulated from 
day 12 to the end, was similar to NESTIN, NOTCH1, 
PAX6, and TP63 as ectoderm markers (Fig.6C). 
Some of the MSY genes including EIF1AY, PRKY, 
RPS4Y1, SRY, USP9Y, UTY, TXLNGY, TBL1Y, and 
TGIF2LY showed higher expression levels in RH6 
cells (Fig.6D). The Spearman’s analysis showed that 
pluripotency markers were more closely correlated 
with SRY and TGIF2LY genes, which were highly 
expressed in RH6 cells, but decreased by initiation of 
differentiation and remained at low levels throughout 
the differentiation period (Fig.6E). These genes were 
classified as a pluripotent cluster (Fig.5).

Fig.5: Co-expression of MSY genes and EB markers. The correlation of two expression profiles was determined by one square. Hierarchical trees were 
constructed based on matched profiles, shown on the top and left sides. Also, mesoderm, ectoderm, endoderm and pluripotent clusters were shown on 
the right side. MSY; The male-specific region of the Y chromosome and EBs; Embryoid bodies.
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Fig.6: The expression pattern of MSY genes during spontaneous 
differentiation. A. The expression profile of MSY genes in the mesoderm 
cluster. B and C. The expression profile of MSY genes in the endoderm and 
ectoderm clusters, respectively. D. The expression profile of MSY genes 
in the pluripotency state in RH6 cells. E. The expression profile of MSY 
genes in the pluripotent cluster. All data were presented as mean ± SEM. 
∗; P<0.05.  MSY; The male-specific region of the Y chromosome and RH6; 
Royan H6.

Discussion
The  Y-HPP was  instituted to achieve a complete 

knowledge about the function, quantification, subcellular 
localization, and expression pattern of human Y 
chromosome protein and genes, especially during 
embryonic development. In the direction of one of the 
Y-HPP goals, we analyzed the expression pattern of 
most MSY genes in the process of male-ESCs (RH6) 
spontaneous differentiation into EBs as an in vitro model for 
early embryonic development. Our results indicated a higher 
expression of SRY and TGIF2LY genes in undifferentiated 
male embryonic stem cells compared to EBs. This 
observation is in agreement with previous studies showing 
the upregulation of SRY gene in fibroblasts reprogrammed 
to become induced pluripotent stem cells (iPSCs), and the 
downregulation of SRY following knockdown of both OCT4 
and NANOG genes (33, 34). Therefore, SRY promoter 
region has been shown to contain multiple putative OCT4 
and NANOG recognition sites. By starting of differentiation, 
we observed a significant reduction of SRY and TGIF2LY, 
following downregulation of OCT4, NANOG and SOX2 
markers corresponding to previous studies (28, 35).

Ronen and colleagues (2014) suggested that the MSY 
genes, including RPS4Y1, DDX3Y, EIF1AY, TXLNGY, 
NLGN4Y, TMSB4Y, UTY, USP9Y, TTTY15, PRKY, and 
ZFY were highly expressed in male-hESCs and iPSCs 
[33]. Jangravi and colleagues (2012) also demonstrated 
that hESC lines were enriched for NLGN4Y, PRKY, 
PCDH11Y, TMSB4Y, USP9Y, RPS4Y2, TXLNGY, AMELY, 
UTY, and RPS4Y1 transcripts (28). Consistent with these 
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studies, we showed that some of MSY genes including 
EIF1AY, PRKY, RPS4Y1, SRY, USP9Y, UTY, TXLNGY, 
TBL1Y, and TGIF2LY were specifically expressed in the 
pluripotent RH6 cells. 

Petropoulos and colleagues (2016) indicated that the 
expression of Y chromosome genes increased in male 
embryos since day 8, whereas the X chromosome genes 
were more expressed in female embryos on days 3 and 4. 
Therefore, X genes were gradually downregulated after 
5 days in return for the upregulation of Y genes starting 
on day 8. Petropoulos’ study has shown that 10 of the Y 
chromosome genes, DDX3Y, TXLNGY, TMSB4Y, PRKY, 
RPS4Y1, USP9Y, UTY, KDM5D, ZFY, and EIF1AY, were 
upregulated at embryonic days and lineages, unlike SRY 
gene (35). Zhou and colleagues (2019) found that the Y 
chromosome is initially activated by RPS4Y1 and DDX3Y 
genes in 8-day-old embryos when the two X chromosomes 
in females were widely activated in embryonic genome 
activation  (36). 

Torres and colleagues (2013) showed that Utx was 
not required for the proliferation of knockout mouse 
embryonic stem cells (mESCs), but this gene contributed 
to the establishment of ectoderm and mesoderm. In 
Utx knockout ESCs, Uty as a homologue of Utx could 
compensate for some of the functions of Utx during 
ectoderm and mesoderm differentiation (37). Vakilian and 
colleagues (2015) successfully differentiated a human 
embryonic carcinoma cell line (NTERA-2) into neuronal 
cells. They showed that the expression of 12 MSY genes, 
specifically EIF1AY, RBMY1, DDX3Y, HSFY, BPY2, UTY, 
PCDH11Y, USP9Y, RPS4Y1, SRY, ZFY and PRY were 
significantly upregulated during neural differentiation 
(38). Meyfour and colleagues (2017) performed a 
cardiac differentiation and reported an upregulation for 
the TBL1Y, KDM5D, PCDH11Y, USP9Y, ZFY, RPS4Y, 
DDX3Y, XKRY, PRY, and UTY genes at early mesoderm 
differentiation, and the BCORP1, RBMY and HSFY genes 
during late cardiogenesis. On the other hand, the expression 
of 5 MSY genes namely VCY, SRY, TXLNGY, NLGN4Y 
and TMSB4Y were decreased at early differentiation 
stages (39).  Tsugata  and  colleagues  )2015(  performed 
differentiation of both male and female PSCs into insulin-
producing cells and demonstrated that RPS4Y1, DDX3Y, 
EIF1AY, and NLGN4Y genes were expressed at higher 
levels in a male cell line compared to the female cells (40). 
In the current study, we found a significant correlation 
between spontaneous differentiation and upregulation of 
most MSY genes. Briefly, it appears that KDM5D, TBL1Y, 
RPS4Y1, DDX3Y, PRY, DAZ, BCORP1, and AMELY 
genes play key roles in mesoderm layer development. 
In the same manner, TXLNGY, NLGN4Y, PCDH11Y, 
TMSB4Y, UTY, RBMY1, and HSFY genes contribute to 
establishment of the ectoderm layer. Also, ZFY, TSPY, 
PRORY, VCY, EIF1AY, USP9Y, and RPKY genes were 
involved in the endoderm differentiation. 

Conclusion
The present study is the first report to genetically 

investigate MSY genes during spontaneous differentiation 
of RH6 into EBs. Using Spearman’s Heatmap we 
identified distinct gene co-expression clusters to validate 
the correlation of MSY genes with each germ layer. 
The expression alterations characterized the potential 
responsibilities of each cluster for the differentiation of 
mesoderm, ectoderm and endoderm layers. We suggest 
that these genes may play important roles in early 
embryonic developments of males. Our results, along with 
future studies on directed differentiations, are potentially 
essential for a better understanding of gender-specific 
factors in embryonic developmental differences.
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Abstract
Objective:  Patients with diabetes mellitus frequently have chronic wounds or diabetic ulcers as a result of impaired 
wound healing, which may lead to limb amputation. Human umbilical vein endothelial cell (HUVEC) dysfunction also 
delays wound healing. Here, we investigated the mechanism of miR-200b in HUVECs under high glucose conditions 
and the potential of miR-200b as a therapeutic target.

Materials and Methods: In this experimental study, HUVECs were cultured with 5 or 30 mM glucose for 48 hours. 
Cell proliferation was evaluated by CCK-8 assays. Cell mobility was tested by wound healing and Transwell assays. 
Angiogenesis was analyzed in vitro Matrigel tube formation assays. Luciferase reporter assays were used to test the 
binding of miR-200b with Notch1.

Results: miR-200b expression was induced by high glucose treatment of HUVECs (P<0.01), and it significantly 
repressed cell proliferation, migration, and tube formation (P<0.05). Notch1 was directly targeted and repressed by 
miR-200b at both the mRNA and protein levels. Inhibition of miR-200b restored Notch1 expression (P<0.05) and 
reactivated the Notch pathway. The effects of miR-200b inhibition in HUVECs could be reversed by treatment with a 
Notch pathway inhibitor (P<0.05), indicating that the miR-200b/Notch axis modulates the proliferation, migration, and 
tube formation ability of HUVECs.

Conclusion: Inhibition of miR-200b activated the angiogenic ability of endothelial cells and promoted wound healing 
through reactivation of the Notch pathway in vitro. miR-200b could be a promising therapeutic target for treating HUVEC 
dysfunction. 
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Introduction
Diabetes mellitus (DM) and complications from having 

DM are a threat to global health. Over 400 million 
adults have DM worldwide. This number is estimated to 
reach 640 million by 2040 (1). Type 2 diabetes mellitus 
(T2DM), which accounts for over 90% of DM cases, 
and complications from having T2DM have contributed 
tremendously to the global mortality and disability of 
this disease (2, 3). Traditionally, the complications of 
DM have been divided into two groups: macrovascular 
complications (such as cardiovascular diseases) and 
microvascular complications (those affecting the 
retina or the nervous system). Complications are very 
common in T2DM patients; almost 50% of patients 
have microvascular complications, and 30% have 
macrovascular complications, with rates that vary in 
different countries (4). Diabetic skin ulcers are non-
healing and chronic wounds, and they are one of the most 
severe complications of D M(5), with up to 25% of DM 
patients developing these ulcers in their lifetime and 20% 
of these patients requiring amputations (6). Tremendous 
efforts have been made to explore the treatment for 

diabetic ulcers, including bioengineered skin substitutes 
and negative pressure dressings (7). However, there is 
still no effective therapeutic method.

Wound healing is a dynamic and complex process 
involving multiple cellular activities, including 
inflammation, proliferation, angiogenesis, and tissue 
remodeling (8). In diabetes, however, the healing process 
is impaired by an excessive inflammatory response and 
decreased angiogenesis (9). Studies have shown that 
enhancers of angiogenesis, such as growth factors, can 
facilitate the proliferation and migration of endothelial 
cells, accelerating the wound healing process in DM (10). 
The importance of the Notch signaling pathway in wound 
healing has been thoroughly demonstrated. There are four 
Notch receptors in mammals (Notch1, Notch2, Notch3, 
and Notch4), all of which are single-pass transmembrane 
receptor proteins. Moreover, mammals possess five 
ligands for the Notch pathway (Delta-like 1, 3, 5, Jagged 
1, 2). Once the ligand binds to the extracellular domain 
of Notch proteins, they undergo proteolytic cleavage, 
leading to the release of the Notch intracellular domain 
(NICD), which enters the nucleus and acts as a transcription 
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factor or forms a complex with other proteins to regulate the 
transcription of target genes (11, 12). The Notch signaling 
pathway plays a significant role in cell communication, 
regulating various biological processes during development 
and disease pathology (13, 14). Recent studies have found 
that Notch signaling promotes diabetic wound healing by 
regulating macrophage-mediated inflammation during the 
healing process (15). Additionally, the angiogenic ability of 
endothelial cells has been shown to be affected by Notch 
signaling, which could be due to the influence of vascular 
endothelial growth factor (VEGF) (16). The underlying 
molecular mechanism of Notch pathway-mediated wound 
healing is still unclear.

MicroRNAs (miRNAs) are small non-coding RNAs 
that are ~22 nt in length. miRNAs are post-transcriptional 
regulators that function by binding to the 3’ untranslated 
region (3’UTR) of target mRNAs and inducing translational 
repression or mRNA degradation (17). miRNAs play 
significant roles in diverse biological processes, and they are 
dysregulated in numerous diseases (18, 19). Several miRNAs 
have been discovered to regulate angiogenesis in tumors or 
during wound healing (20, 21). miR-200b belongs to the 
miR-200 family and is widely expressed in various cell types, 
including cancer cells, stem cells, and endothelial cells (22-
24). miR-200b has been demonstrated to regulate multiple 
cellular functions, such as migration, proliferation, and 
apoptosis (22). Moreover, inhibition of miR-200b has been 
linked with the promotion of angiogenesis by endothelial 
cells (25). However, the mechanism by which miR-200b acts 
and its downstream targets involved in the diabetic wound 
healing process are not quite clear.

In this work, we tried to demonstrate that miR-200b 
could target the Notch pathway, leading to the suppression 
of angiogenesis in vitro. We also aimed to evaluate 
the therapeutic properties of miR-200b inhibitors in 
facilitating the diabetic wound healing process.

Materials and Methods
Cell culture and treatment

In this experimental study, HUVECs were obtained from 
ScienCell Research Laboratories (Carlsbad, CA, USA). The 
HUVECs were cultured in F-12K medium supplemented 
with 1% antibiotics (100 U/ml penicillin and 100 mg/ml 
streptomycin, Cat. 15240062, Life Technologies, USA) and 
were maintained at 37˚C in 5% CO2. To mimic diabetic 
conditions, the HUVECs were incubated under high 

glucose (30 mM glucose, HG) conditions for 12, 24, and 48 
hours. Cells treated with 5 mM glucose as normal glucose 
(NG) were used as controls. Cells were then harvested for 
subsequent assays. The research purposes under protocols 
were approved by  Xiangya Hospital.

Cell transfection
miRNA-negative controls and miR-200b inhibitors 

were purchased from GenePharma (Suzhou, China) 
and transfected into HUVECs at a concentration of 
100 nM using Lipofectamine 2000 transfection reagent 
(Cat. 11668019, Invitrogen, USA) according to the 
manufacturer’s instructions. After 48 hours, the cells were 
used for subsequent experiments.

Total RNA extraction and quantitative real-time PCR
Cells were dissolved in TRIzol reagent (Cat. 15596018, 

Invitrogen, USA), and total RNA was obtained according 
to the manufacturer’s protocol. The RNA was then tested 
for quality and synthesized into cDNA using an iScript 
cDNA Synthesis Kit (Cat. 1708891, Bio-Rad, USA). qRT-
PCR was performed using SYBR Green Supermixes (Cat. 
1708882, Bio-Rad, USA). GAPDH and U6 were used as 
endogenous controls for normalization. Relative levels of 
expression were normalized and analyzed using the 2−ΔΔCt 
method. Primer sequences are listed in Table 1.

Western blot analysis
Cells were washed with cold PBS and incubated with lysis 

buffer on ice for 30 minutes. Then, the cells were scraped, and 
after centrifugation, the supernatant containing the lysate was 
collected and stored at -80˚C. A BCA assay kit (Cat. 5000001, 
Bio-Rad, USA) was used to determine protein concentrations. 
Protein samples were denatured and then separated by 
SDS-PAGE and transferred to PVDF membranes (Cat. 
IPVH00010, Millipore, USA). After blocking with non-
fat milk for 1 hour, membranes were incubated overnight 
at 4˚C with the following primary antibodies from Cell 
Signaling Technology (Danvers, USA): Notch1 (#3608), 
Jagged1 (#70109), Hes1 (#11988) and β-actin (#3700), 
and all were used at a 1:1000 dilution. After washing three 
times, the membranes were incubated with goat anti-mouse 
(#7076) or anti-rabbit (#7077) HRP-conjugated secondary 
antibodies (Cell Signaling Technology, USA). The signals 
were analyzed using an ECL detection kit (Cat. 32106, Pierce 
Biotechnology, USA).

Table 1: Primer sequences for quantitative real-time PCR

Gene Forward sequence Reverse sequence

MiR-200b-3p 5´-GCGGCTAATACTGCCTGGTAA-3´  5´-GTGCAGGGTCCGAGGT-3´ 

Notch1 5´-GCACGTGTATTGACGACGTTG-3´ 5´-GCAGACACAGGAGAAGCTCTC-3´ 

GAPDH 5´-CCAGGTGGTCTCCTCTGA-3´ 5´-GCTGTAGCCAAATCGTTGT-3´ 

U6 5´-CTCGCTTCGGCAGCACA-3´  5´-AACGCTTCACGAATTTGCGT-3´  
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Enzyme-linked immunosorbent assay 
After the indicated treatments, the supernatants 

from the HUVECs were centrifuged at 1,000 x g for 5 
minutes at 4˚C prior to enzyme-linked immunosorbent 
assay (ELISA). The levels of VEGF (#DVE00) were 
measured using commercial ELISA kits (R&D Systems, 
Inc., Minneapolis, USA) according to the manufacturer’s 
protocol. Each sample was evaluated in triplicate.

Cell viability assay
A Cell Counting Kit-8 (CCK8, Cat. CK04, Dojindo, 

Japan) assay was used to detect cell viability. Briefly, after 
the indicated treatment, 1x104 cells were seeded into 96-
well plates, and CCK-8 solution was added to each well. 
After 2 hours of culture, the absorbance was measured at 
450 nm using a spectrophotometer.

Wound-healing assay
The protocol was carried out as previously described 

(26). Briefly, HUVECs were seeded with the indicated 
treatments and then transfected with the indicated miRNA 
negative control or miRNA. Forty-eight hours later, the 
attached cells were scratched with a 10 μl pipette tip, and 
images were captured under a microscope at 0 hours after 
the scratch. The plates were returned to the incubator 
and cultured for 24 hours. Then, another set of images 
of the same wounds was captured. The wound area was 
measured with ImageJ and was normalized and presented 
as a percentage of the initial wound measured at 0 hours.

Transwell assay
A Transwell assay was performed according to a 

reported protocol (27). After the indicated treatment, a 
total of 5x105 HUVECs were suspended in a serum-free 
culture medium and seeded into the upper insert of a 12-
well Transwell plate (Cat. 3401, Corning Incorporated, 
USA), with or without Matrigel pretreatment. Medium 
with serum was added to the lower chamber. The plate was 
incubated in the incubator for 8 hours. Cells remaining in 
the upper insert were removed using cotton swabs, and 
the migratory cells were fixed with 4% paraformaldehyde 
for 10 minutes. After washing with PBS 3 times, the cells 
were stained with a crystal violet solution. Images were 
captured using brightfield microscopy (Olympus, Tokyo, 
Japan) and quantified.

In vitro Matrigel angiogenesis assays

In vitro Matrigel angiogenesis assays were performed 
to test the angiogenic abilities of cells. Briefly, 24 hours 
after the indicated treatment, HUVECs were seeded on 
normal Matrigel (Cat. 356234, BD Biosciences, USA) in 
96-well plates (Sigma, USA). Tube lengths and branches 
were measured and quantified by ImageJ software.

Dual-luciferase reporter assay
The 3’UTR region of Notch1 mRNA was amplified by 

PCR and cloned into a pGL3 vector (Promega, USA). 
HEK 293T cells were seeded into 24-well plates and 
were then cotransfected with a vector carrying either the 
wild type or mutant Notch1 3′-UTR and either a miR-
200b mimic or a miR-negative control. Transfections 
were performed using Lipofectamine 2000 according to 
the manufacturer’s protocol. Finally, luciferase activities 
were measured using a dual-luciferase reporter gene assay 
kit (Cat. E1910, Promega, USA).

Statistical analysis
Statistical analysis was performed using GraphPad 

Prism 5. All experiments were conducted at least three 
times. All data are presented as the mean ± SD. The data 
were analyzed by one-way ANOVA, followed by Tukey’s 
post hoc test or an independent sample t test. P<0.05 was 
considered statistically significant.

Results
miR-200b was upregulated in high glucose-treated 
HUVECs

To investigate the role of miR-200b in endothelial cell 
dysfunction, we first tested its expression in HUVECs 
grown in high glucose conditions. As shown in Figure. 
1A, the miR-200b level was significantly induced by 
high glucose treatment after just 12 hours (P<0.05), and 
it continued to increase to a level that was 2-fold greater 
than the initial levels after 48 hours (P<0.01). 

Meanwhile, the tube formation ability of HUVECs was 
also impaired by high glucose treatment, as indicated by 
the decreased formation of tubes (Fig.1B). Unsurprisingly, 
other genes related to angiogenesis also changed, 
which is exemplified by the decrease in VEGF (Fig.1C, 
P<0.01). In addition, high glucose treatment dramatically 
increased the level of IL-1β (Fig.S1, See supplementary 
online information at www.celljournal.org). These results 
suggest a potential role for miR-200b in preventing 
endothelial cell angiogenesis in vitro.

A
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Fig.1: The high-glucose treatment induced the expression of miR-200b 
and impaired angiogenesis. A. Quantification of miR-200b by real-
time PCR in Human umbilical vein endothelial cell (HUVECs) grown in 
normal glucose (NG) or high-glucose (HG) conditions for 12, 24, and 
48 hours. U6 was used as an internal control for normalization. B. 
Representative images of HUVECs under different conditions during 
the in vitro angiogenesis assay. C. Quantification of secreted Vascular 
Endothelial Growth Factor (VEGF) from HUVECs, as determined by 
enzyme-linked immunosorbent assay (ELISA) after the indicated 
treatment. (N = 3). *; P<0.05, **; P<0.01, and H; Hour.

Knockdown of miR-200b promoted the proliferation 
and angiogenesis of HUVECs grown in high glucose 
conditions

To further explore the function of miR-200b in wound 
healing, we knocked down or overexpressed miR-200b and 

subsequently studied how it affected the cellular activity 
of endothelial cells. miR-200b knockdown decreased 
miR-200b expression levels, while its overexpression 
increased miR-200b expression levels, indicating miR-
200b knockdown and overexpression were transfected 
successfully (Fig. 2A and B). As shown in Figure.2C, high 
glucose treatment significantly inhibited the proliferation 
of HUVECs compared to cells grown in normal glucose 
conditions (P<0.01).

Moreover, when the miR-200b mimic was added, 
cell proliferation was further decreased (P<0.05). 
However, treatment with a miR-200b inhibitor 
remarkably rescued the impaired proliferation ability 
that was induced by high glucose treatment (P<0.05). 
In addition to cell proliferation, the migration ability 
of HUVECs was also affected. As demonstrated by 
wound healing and Transwell assays shown in Figure. 
2D and E, compared to normal glucose conditions, 
high glucose treatment obviously inhibited the 
migration capacity of HUVECs (P<0.01) and further 
suppressed migration when combined with miR-
200b overexpression (P<0.05). When miR-200b was 
suppressed by its inhibitor, the ability of the cells to 
migrate recovered significantly (P<0.05). The tube 
formation ability of HUVECs was also investigated. 
High glucose treatment alone or in combination with 
miR-200b overexpression dramatically impaired 
the tube formation ability, which was recovered by 
treatment with the miR-200b inhibitor (Fig.2F). 
These data indicate that miR-200b can affect the 
proliferation, migration, and tube formation ability of 
endothelial cells.

Notch1 was a direct target of miR-200b

Intriguingly, as one of the most important mediators 
in the wound healing process, the Notch pathway 
is potentially regulated by miR-200b. As shown in 
Figure.3A, we first performed prediction searches 
using StarBase to identify targets of miR-200b, which 
indicated that miR-200b may directly target the 3’UTR 
region of Notch1. To further determine whether miR-
200b could target Notch1, we conducted a luciferase 
reporter assay, where the reporter contained either a 
wild type or a binding site mutated Notch1 3’UTR. As 
shown in Figure.3B, miR-200b remarkably inhibited 
luciferase activity from the Notch1 wild type 3’UTR 
(P<0.05) vector, but it did not have the same effect 
on the mutant. Consistently, when miR-200b was 
overexpressed in HUVECs, both the mRNA (Fig.3C) 
and protein (Fig.3D) of Notch1 were significantly 
suppressed (P<0.05). The downregulation of miR-
200b by treatment with its inhibitor increased Notch1 
expression (Fig.3C and D, P<0.05). Taken together, 
these results demonstrate that miR-200b could target 
and inhibit Notch1 directly in endothelial cells.

B

C
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Fig.2: miR-200b affected the angiogenesis ability of Human umbilical vein endothelial cell (HUVECs). The HUVECs cells were transfected with NC mimic, miR-
200b mimics, NC inhibitor, miR-200b inhibitor, and miR-200b transfection efficiency were analyzed by A. IF imaging and B. Real-time PCR. C. Quantification 
of HUVEC viability after the indicated treatment, as determined by CCK-8 assays. D. Representative images of HUVECs after the indicated treatments during 
the wound healing assay. E. Typical images and quantification of HUVECs with different treatments during the migration assay. F. Representative images of 
HUVECs under different conditions during the in vitro angiogenesis assay. (N = 3). NG; Normal glucose, HG; high-glucose, *; P<0.05, and **; P<0.01.
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Fig.3: miR-200b directly targeted Notch1. A. Predicted miR-200b binding sites and induced mutations in the Notch1 3’UTR. B. Luciferase reporter assays 
show miR-200b-targeted Notch1 mRNA. C. miR-200b and Notch1 mRNA levels in Human umbilical vein endothelial cell (HUVECs) after the indicated 
treatments were quantified by real-time PCR. D. Representative images and quantification of Notch1 protein expression in HUVECs. (N=3), *; P<0.05, and  
**; P<0.01.

Inhibition of miR-200b could activate the Notch 
pathway and angiogenesis.

To evaluate whether miR-200b could regulate the 
Notch signaling pathway, we next examined downstream 
targets of the Notch pathway. Consistent with Notch1 
expression, the mRNA and protein levels of Jagged1 
and Hes1 were dramatically decreased by high glucose 
treatment (P<0.01), and they were recovered by miR-
200b inhibition (P<0.05, Fig.4A and B). To further 
determine the role of the Notch pathway in miR-200b-
mediated wound healing, we combined miR-200b 
downregulation with the Notch pathway inhibitor N‐
[N‐(3,5‐difluorophenacetyl)‐l‐alanyl]‐S‐phenylglycine 
t‐butyl ester (DAPT) in high glucose conditions. 
Unsurprisingly, Notch pathway inhibition significantly 
repressed proliferation, which was upregulated by miR-

200b suppression (Fig.5A, P<0.05). Consistently, DAPT 
treatment could also obviously rescue the cell migration 
that was induced by miR-200b inhibition, as demonstrated 
by wound healing and Transwell assays (Fig.5B and C, 
P<0.05). For the tube formation function, treatment with 
the miR-200b inhibitor significantly increased the number 
of tubes formed by HUVECs, which was then decreased 
when DAPT was added. Downstream targets of the Notch 
pathway were also analyzed. As shown in Figure.5E, 
the protein levels of Jagged1, Notch1, and Hes1 were 
significantly upregulated in HUVECs grown in high-
glucose conditions following the treatment with the 
miR-200b inhibitor. When DAPT treatment was added, 
their expression decreased (P<0.05). These data strongly 
indicate that inhibition of miR-200b could stimulate 
angiogenesis of endothelial cells by activating the Notch 
pathway.

A
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Fig.4: Inhibition of miR-200b could activate the Notch pathway. A. Quantification of Human umbilical vein endothelial cell (HUVEC) mRNA levels by real-
time PCR. B. Representative images and quantification of Notch pathway protein expression in HUVECs. (N=3). NG; Normal glucose, HG; High-glucose, *; 
P<0.05, and **; P<0.01.

A

C

B

A



          Cell J, Vol 23, No 1, April-June (Spring) 2021 58

miR-200b Impairs Diabetic Wound Healing

Fig.5: miR-200b affected angiogenesis by regulating Notch1. A. Quantification of human umbilical vein endothelial cell (HUVEC) viability was measured 
by CCK-8 assay after the indicated treatments. B. Representative images of HUVECs after the indicated treatments during the wound healing assay. C. 
Typical images and quantification of HUVECs with different treatments during the migration assay. D. Representative images of HUVECs under different 
conditions during in vitro angiogenesis assays. E. Representative images and quantification of Notch pathway protein expression in HUVECs. (N=3). NG; 
Normal glucose, HG; High-glucose, *; P<0.05, and **; P<0.01.
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Discussion
Impaired wound healing is a major complication in 

diabetes patients, leading to morbidity and death (28). 
Skin wounds in diabetics have been linked to impaired 
antimicrobial activity in leukocytes, altered blood flow, 
and abnormal inflammatory state, all of which are related 
to the dysfunction of endothelial cells (29, 30). Recently, 
various methods have been used to treat diabetic wounds, 
such as tissue regeneration by stem cells or progenitor 
cells and administration of growth factors (31). However, 
the results have been very limited; since wound healing 
is a complex process, it is difficult to treat by targeting 
a single process. Due to their function in regulating 
multiple targets and pathological conditions, miRNAs 
have been considered promising therapeutic targets. The 
role of miRNAs in tumour angiogenesis has been widely 
explored, raising the potential for their use in wound 
healing.

Several studies have demonstrated the involvement 
of miRNA dysregulation in the angiogenesis process 
of diabetes mellitus. In a diabetic rat model, miR-320 
suppressed the angiogenic response of microvascular 
endothelial cells by targeting insulin-like growth factor 1 
(IGF1)(32). miR-93 was reported to be downregulated by 
high glucose treatment, and it also was found to suppress 
angiogenesis by targeting VEGF(33). Inhibition of miR-
503 could stimulate angiogenesis in diabetic ischaemic 
muscle by upregulating cyclin E1 (34). miR-200b has 
been found to inhibit angiogenesis in tumour development 
by targeting interleukin-8 and CXCL1, which are secreted 
by cancer cells.

Moreover, miR-200b has also been reported to 
play an important role in endothelial cell function. 
Loss of miR-200b could enhance cell motility by 
activating epithelial-mesenchymal transition (EMT)
(22). Additionally, transient inhibition of miR-
200b in endothelial cells was sufficient to enhance 
angiogenesis during skin wound healing process (25). 
To explore the role of miR-200b in the wound healing 
process, we established a high glucose treatment assay 
and found a resultant upregulation of miR-200b in 
endothelial cells, which in turn negatively impacted 
proliferation, migration, and tube formation in these 
cells. Most importantly, the downregulation of miR-
200b by treatment of cells with an inhibitor could 
significantly rescue the high glucose treatment-induced 
suppression of division, mobility, and angiogenesis in 
endothelial cells. While high-glucose treatment has 
been demonstrated to diminish the angiogenesis ability 
of endothelial cells by altering their biochemical and 
biophysical properties (36), our findings reveal the 
underlying molecular mechanism; further, our data are 
consistent with the reported function of miR-200b in 
other disease models.

It is well established that the Notch pathway is critical 
for wound healing. Overexpression of Jagged1, a Notch 

ligand, in endothelial cells accelerated the wound healing 
process (37). Moreover, blocking the Notch pathway 
impaired wound healing by affecting the inflammatory 
response through the regulation of macrophages (20). 
Previous studies have demonstrated that miR-200b could 
regulate the Notch pathway in tumours by targeting 
Notch1 and suppressing tumour metastasis (38). The 
Notch ligands Jagged1 and Jagged2 were also found to be 
regulated by miR-200b in metastatic prostate cancer cells 
(39) and lung cancer (40). In the current work, Notch1 
was found to be directly targeted for posttranscriptional 
regulation by miR-200b in endothelial cells. With the 
increase in miR-200b expression induced by high glucose 
treatment, Notch1 levels, and Notch pathway activity 
were significantly repressed.

On the other hand, miR-200b inhibition was proven 
to activate the Notch pathway and the wound healing 
process, which was blocked by treatment with DAPT, 
a Notch pathway inhibitor. Intriguingly, treatment with 
the miR-200b inhibitor could only partially return the 
expression of Notch pathway-related genes to the levels 
of expression observed control group, indicating the 
possibility that other angiogenesis-associated targets are 
regulated by miR-200b in high glucose conditions. This 
emphasizes the role of miR-200b in regulating the Notch 
pathway during diabetic wound healing.

Conclusion
In summary, this work demonstrates that miR-

200b is upregulated by high glucose treatment in 
endothelial cells, impairing the wound healing 
process by suppressing cell proliferation, migration, 
and angiogenesis. The knockdown of miR-200b is 
sufficient to restore HUVEC dysfunction by stimulating 
the Notch pathway, which is shown to be directly 
regulated by miR-200b and plays a critical role in the 
wound healing process. Our findings illustrate the 
function of miR-200b in wound healing and highlight 
the potential of miR-200b as a promising therapeutic 
target in the treatment of diabetic complications. 
However, the current work is still based on an in vitro 
assay mimicking diabetic conditions by high glucose 
treatment. Further study on animal models is required 
to explore the function of miR-200b in the diabetic 
wound healing process and determine its potential as a 
treatment target.
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Abstract
Objective: Atherosclerosis (AS) is one of the most common causes of human death and disability. This study is 
designed to investigate the roles of aldosterone (Aldo) and oxidized low-density lipoprotein (Ox-LDL) in this disease by 
clinical data and cell model. 

Materials and Methods: In this experimental study, clinical data were collected to investigate the Aldo role for the 
patients with primary aldosteronism or adrenal tumors. Cell viability assay, fluorescence-activated cell sorting (FACS) 
assay, apoptosis assay, cell aging analysis, and matrigel tube formation assay were performed to detect effects on 
human umbilical vein endothelial cells (HUVECs) treated with Aldo and/or Ox-LDL. Quantitative polymerase chain 
reaction (qPCR) and Western blot analysis were performed to figure out critical genes in the process of endothelial cells 
dysfunction induced by Aldo and/or Ox-LDL.

Results: We found that the Aldo level had a positive correlation with the TG/HDL-C ratio. Endothelial cell growth, 
angiogenesis, senescence, and apoptosis were significantly affected, and eNOS/Sirt1, the value of Bcl-2/Bax and 
Angiopoietin1/2 were significantly affected when cells were co-treated by Aldo and Ox-LDL.

Conclusion: Elevated Aldo with high Ox-LDL together may accelerate the dysfunction of HUVEC, and the Ox-LDL, 
especially for those patients with high Aldo should be well controlled. The assessment of the role of Aldo may provide 
a theoretical basis for the effective prevention and investigation of a new treatment of AS.

Keywords: Aldosterone, Atherosclerosis, Human Umbilical Vein Endothelial Cells, Oxidized Low-Density Lipoprotein, 
Triglyceride/High-Density Lipoprotein Cholesterol
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Introduction
Atherosclerosis (AS) is a chronic immune-inflammatory 

disease characterized by abnormal lipid metabolism in the 
arterial wall, which causes a variety of cardiovascular and 
cerebrovascular diseases and is one of the most common 
causes of human death and disability (1). Aldosterone 
(Aldo), the main mineralocorticoid hormone, belongs to 
the Renin-angiotensin-aldosterone-system and may play 
an important role in vascular injury and remodeling (2, 
3). Excessive Aldo will cause hypertension, hypokalemia, 
vascular inflammation, injury, loss of vascular function, 
and the initiation and progression of AS (4, 5). In patients 
with known AS, higher Aldo levels predict a substantially 
increased risk of cardiovascular death, but the mechanisms 
are poorly understood (6).

Animal studies demonstrated that Aldo functions in 
atherosclerotic plaque formation, and Aldo infusion 
increased overall aortic plaque area with enhanced 
oxidative stress (7). Clinical trials showed that inhibition 
of Aldo production or inhibition of the mineralocorticoid 
receptor, which mediates Aldo’s effects can reduce 

cardiovascular ischemic events and mortality (8). 
Some studies suggest that Aldo can promote vascular 
inflammation, injury, and dysfunction. For example, nitric 
oxide (NO) functions as the relaxation factor of vascular 
smooth muscle and may have an anti-AS effect, while 
Aldo can reduce NO synthesis in the vascular wall (9, 10). 
Endothelial progenitor cells (EPC) are mainly involved in 
the renewal, vascular repair, and angiogenesis of VECs, 
while Aldo can lead to the dysfunction and damage of 
EPC (11). In addition, Aldo regulates vascular fibrosis 
and promotes insulin resistance by up-regulating insulin-
like growth factor 1 receptor (IGF1R) in vascular smooth 
muscle cells (12). The above evidence suggests that Aldo 
probably function importantly in the occurrence of AS 
and mechanism involved need to be further clarified. 

Vascular endothelial cells (VECs) dysfunction is found 
in the lesion-prone areas of arterial vasculature, resulting 
in the earliest detectable changes in the process of an 
atherosclerotic lesion (13). This leads into a complex 
pathogenic sequence, initially involving the selective 
recruitment of monocytes into the intima, where they 
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differentiate into macrophages and become foam cells; 
the released growth factors and chemokines then induce 
neighboring smooth muscle cells to proliferate and 
synthesize extracellular matrix components and then 
generate fibromuscular plaque (14, 15). During the 
development of AS, VECs are exposed to various damaging 
stimuli [such as oxidized low-density lipoprotein (Ox-
LDL)], which trigger vascular endothelial injury (16). 
Angiogenesis has two kinds of functions on AS, which 
is induced in a hypoxic environment can be a reason 
to increase plaque of development and stability (17). 
However, it also has another function to repair damaged 
cells. Therefore, understanding the mechanism involved 
in VECs dysfunction induced by different factors will be 
helpful for better prevention and therapy of AS.

In this study, we analyzed the clinical data of these patients 
admitted to our department to explore the Aldo effects on 
the occurrence and progression of AS. At the same time, 
HUVECs were used to further explore the effect and 
mechanism of Ox-LDL and Aldo at the cellular level. 

Materials and Methods
Patients’ data

In this experimental study, human data were obtained from 
the basic diagnosis of patients from Shandong Provincial 
Hospital affiliated to Shandong University from January 
2018 to January 2019. Consent has been obtained from each 
patient after a full explanation of the purpose and nature of 
all procedures used. The research purposes under protocols 
were approved by the Ethics Committee of our hospital 
(NO.2017536). It is considered to be excessive if the serum 
Aldo level is more than 300 pg/mL depending on clinical 
practice endorsed by our hospital. The patients were divided 
into 3 subgroups (Aldo<300, 300<Aldo<600, Aldo>600) 
or 2 subgroups (Aldo<300, Aldo>300) in different data 
analysis.

Chemicals 

Aldo (ApexBio Technology, USA) was dissolved in 
dimethylsulfoxide (DMSO, Solarbio, Beijing, China) 
at 2 mM and stored at -20˚C. Ox-LDL was obtained 
from Yiyuan Biotechnologies (Guangzhou, China). Cell 
Counting Kit-8 (CCK8) was obtained from YEASEN 
(Shanghai, China). Hoechst 33342 Staining Kit was 
obtained from Bioworld Technology (Nanjing, China). 
Senescence β-Galactosidase Staining Kit was obtained 
from Beyotime Biotechnology (Beijing, China). 

Cell culture

HUVECs were obtained from the Department of 
Endocrinology, Xiangya Third Hospital, Central South 
University. Cells were grown at 37˚C with RPMI 1640 
(Hyclone, USA) medium supplemented with 100 μg/mL 
streptomycin, 100 U/mL penicillin (Solarbio, Beijing, 
China) and 10% fetal bovine serum (PAN-Biotech, 
Germany) in a humidified incubator of 5% CO2.

Cell counting assay kit-8 assay
Cell counting assay kit-8 (CCK8) was used to measure 

cell viability according to the manufacturer’s instructions. 
The cells were seeded at a density of 3000 cells/well in 96-
well plates and then treated for 24, 48, 72, and 96 h with Ox-
LDL (120 μg/mL) or/and Aldo (20 μM) diluted to various 
concentrations in complete medium, control was incubated 
with DMSO. After treatment, CCK-8 reagent was mixed to 
the medium (1: 10) at 37˚C for 2-4 hours and then measured 
absorbance at 490 nm using a microplate reader. 

Fluorescence-activated cell sorting assay
After treated with Ox-LDL or/and Aldo for 48 hours, 

the cells were collected by Trypsin digestion to prepare a 
single cell suspension and then centrifuged for 5 minutes 
at 1000 r/minutes. After washed with phosphate buffer 
saline (PBS, Beijing Dingguo, China) twice, the cells 
were fixed at 4˚C with 70% ice-ethanol overnight. Then, 
samples were stained with propidium iodide (PI) and 
measured using a flow cytometer.

Apoptosis assay by Hoechst33342
Cell apoptosis was measured using a Hoechst 33342 

Staining Kit. The cells grew in 24-well plates treated with 
Ox-LDL (120 μg/mL) or/and Aldo (20 µM), as previously 
described. The control group was incubated with DMSO. 
After 48 hours treatment, the cells were incubated in 
dilution buffer with Chromogen (the final concentration 
was 5 μg/mL) about 5 minutes in a dark incubator at 30˚C, 
and then washed with PBS for 3 minutes for 3 times. 
The sample was then observed with the fluorescence 
microscope. The percentage of Hoechst staining was 
calculated by counting the positively stained cells within 
a sample of 100 cells.

Cell aging analysis
Cell aging was measured using a Senescence 

β-Galactosidase Staining Kit. HUVECs were treated with 20 
μM Aldo alone or combined with 120 μg/mL of Ox-LDL 
for 48 hours. Cells were treated with the same amount of 
DMSO as control. The cells were rinsed using PBS and then 
fixed for 15 minutes with a fixation solution. After that, the 
cells were washed triplicate for 3 minutes and incubated with 
a staining solution overnight at 37˚C. Then，the cells were 
observed and counted with the ordinary light microscope. 
The percentage of SA-β-gal was calculated by counting the 
positively stained cells within a sample of 100 cells.

Matrigel tube formation assay in vitro
After thawed on the ice overnight, Matrigel (Corning, USA) 

was added into a 96-well plate (50 µL/well) and incubated 
for 30 minutes at 37˚C to solidify. After trypsinized, the 
HUVECs were seeded into Matrigel-coated wells (2×104 

cells per well). The cells were incubated with Ox-LDL (120 
µg/mL) or/and Aldo (20 µM) for 6-12 hours in RPMI 1640 
medium. Cells were treated with the same amount of DMSO 
as control. After 6-12 hours at 37˚C, the tube formation in 
Matrigel was observed under a light microscope.
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Quantitative polymerase chain reaction experiment
Total RNA extraction, reverse transcription, and 

quantitative polymerase chain reaction (qPCR) were 
performed using TRIzol Up Plus RNA Kit (Transgene 
Biotech, China), FastQuant RT Kit (Tiangen, China) and 
SuperReal PreMix Plus (Tiangen, China), respectively. 

The primer sequences as followed:
eNOS was: 
F: 5′-GTTTGTCTGCGGCGATGTT-3′ 
R: 5′-GCGTGAGCCCGAAAATGTC-3′.

Sirt1 was: 
F: 5′-TGACTGGACTCCAAGGCCACGG-3′ 
R: 5′-TCAGGTGGAGGTATTGTTTCCGGCA-3′. 

Angiopoietin-1 was: 
F: 5′-AGCGCCGAAGTCCAGAAAAC-3′ 
R: 5′TACTCTCACGACAGTTGCCAT-3′. 

Angiopoietin-2 was: 
F: 5′-CTCGAATACGATGACTCGGTG-3′ 
R: 5′TCATTAGCCACTGAGTGTTGTTT-3′. 

The relative abundance of mRNA was determined by the 
equation 2-ΔCT (ΔCT=threshold cycle (CTTested Gene-CTGAPDH). 
For each sample, data were derived from three repeats.

Western blot analysis
The cells were treated with Aldo (20 μM), Ox-LDL (120 

μg/mL), or Aldo plus Ox-LDL for 48 hours. The control 
group was incubated with DMSO. After lysed in RIPA buffer 
(Beyotime Biotechnology, China), the cells were centrifuged 
at 130000 × g for 10 minutes at 4˚C. Total proteins (25 µg) 
were resuspended in loading buffer and separated by 10% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE, Biosharp, China), followed by transferring onto 
a polyvinylidene fluoride membrane (18). The membranes 
were blocked with 5% nonfat dry milk and incubated 
with the primary antibody overnight. After incubated with 
secondary antibody and washed, blots were developed with 
the Efficient Chemiluminescence Kit (GENVIEW) and 
SageCapture imaging System (SAGECREATION). Primary 
antibodies are eNOS (1:1000; Cell Signaling Technology, 
No.9572), Bcl-2 (1:1000, Proteintech, No. 12789-1-AP), 
Bax (1:1000, Proteintech, No. 50599-2-Ig) and β-actin 
(1:2000, ABclonal, No. AC004). The second antibodies are 
Goat Anti-Mouse IgG (1:4000, ABclonal, No. AS003) and 
Goat Anti-Rabbit IgG (1:4000; Abbkine, No.A21020).

Statistics
All data were presented as mean ± standard error. Statistical 

analysis was performed by the two-tailed Student t test, and 
it was considered statistically significant when the P<0.05. 
(GraphPad Prism).

Results
A total of 327 patients (male 172, female 155) who had 

primary aldosteronism and adrenal tumors were examined 
retrospectively. The average age is 45.7 years old range from 

16 to 77 years old. The demographic data of the cases were 
shown in Table 1.

Table 1: Demographic characteristics of cases

Characteristics Male (n=172)  Female (n=155)

Age (Y) 44.29 ± 12.69 47.35 ± 11.60

Weight (kg) 80.06 ± 12.18 66.45 ± 10.74

Cholesterol (mmol/L) 4.88 ± 1.18 5.16 ± 1.15

HDL(mmol/L) 1.18 ± 0.28 1.40 ± 0.31

LDL (mmol/L) 4.00 ± 14.98 3.00 ± 0.94

TG (mmol/L) 1.88 ± 1.33 1.52 ± 0.88

ALD (pg/ml) 292.34 ± 255.05 289.08 ± 184.84

Data are presented as mean ± SD. HDL; High-density lipoprotein 
cholesterol, LDL; Low-density lipoprotein.

Aldo level had a positive correlation with TG/HDL-C ratio
Our results confirm that excessive secretion of Aldo by 

the adrenal cortex is characterized by hypertension (Fig.1A, 
B). Interestingly, the serum Aldo level is relevant to the level 
of TG and HDL cholesterol (HDL-C). In excessive Aldo 
group (Aldo>300), 44.8% of patients were beyond the high 
limit value of TG, while only 26.1% in the normal group 
(Aldo<300). In the meantime, 1.7% of patients were beyond 
the low limit value of HDL-C in excessive Aldo group, while 
only 0.5% in the normal group (Fig.1C, D). TG/HDL-C ratio 
has been reported to be useful in predicting cardiovascular 
disease (19). It is surprising that 46.6% of patients with TG/
HDL-C ratio were above the average in excessive Aldo 
group, while only 26.5% in the normal group (Fig.1E). Our 
data also show that Aldo is not significantly correlative to 
LDL-C (Fig.1F). 

HUVECs growth was synergistically inhibited with 
the combined treatment of Aldo and Ox-LDL

Endothelial dysfunction plays a key role in AS (20). A 
common hallmark of these pathologic conditions is vascular 
dysfunction associated with endothelial cell growth inhibition, 
senescence, and death by apoptosis. HUVECs can be used 
as a cell model to understand further mechanisms involved 
in the endothelial dysfunction induced by the high level of 
Aldo and Ox-LDL. Our results showed that HUVECs growth 
can be inhibited by a high concentration of Aldo (Fig.2A). 
And cells growth was significantly inhibited even at a low 
concentration of Aldo when combined with the Ox-LDL 
together (Fig.2B). The cell cycle blockage may be the main 
reason for cell growth inhibition. Our results confirm that the 
cell cycle of HUVECs treated by Aldo and/or Ox-LDL can 
be blocked on the G1/S phase. The rate of G1/S increased 
significantly for the concomitant drugs group compared to 
the control group (Fig.2C, D). These data suggest that G1/S 
block is a major reason for inhibiting HUVECs growth, one 
kind of endothelial dysfunctions, which may be a mechanism 
for AS promoted by Aldo and Ox-LDL. 
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Fig.1: The correlation of serum Aldo level with blood pressure, TG, HDL-C, and LDL-C. The patients were divided into 3 subgroups (Aldo<300, 300<Aldo<600, 
Aldo>600) or 2 subgroups (Aldo<300, Aldo>300). A. The average vale of high blood pressure in Aldo<300, 300<Aldo<600, Aldo>600 groups. B. The average 
vale of low blood pressure in Aldo<300, 300<Aldo<600, Aldo>600 groups. C. The percentage of serum TG level above 1.8 mmol/L in Aldo<300 and 
Aldo>300 groups. D. The percentage of serum HDL-C level below 0.8 mmol/L in Aldo<300 and Aldo>300 groups. E. The percentage of TG/HDL-C ratio above 
the average in Aldo<300 and Aldo>300 groups. F. The percentage of serum LDL-C level above 3.36 mmol/L in Aldo<300 and Aldo>300 groups.
TG; Triglyceride, HDL-C; High-density lipoprotein, cholesterol, LDL-C; Low-density lipoprotein, cholesterol, HBD; High blood pressure, LBP; Low blood 
pressure, and Aldo; Aldosterone.
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Fig.2: Aldo sterone and Ox-LDL block the cell cycle in the G1/S phase to inhibit proliferation of HUVECs. A. Cell growth curve of HUVECs under treatment 
of Aldo (2, 10 and 50 μM). B. Cell growth curve of HUVECs which were treated with 20 μM Aldo alone or combined with 120 μg/mL of Ox-LDL. At each 
time point, relative numbers of viable cells were detected using CCK-8 assay. C. Cell cycle was detected by flow cytometry after treatment with Aldo (20 
μM), Ox-LDL (120 μg/mL) or Aldo plus Ox-LDL. D. G1/S phase ratio of HUVECs which were treated with different drugs. DMSO used as control. Data are 
presented as mean values ± standard errors from three experiments. 
**; P<0.005, ***; P<0.0005 compared with the control group, Ox-LDL; Oxidized low-density lipoprotein, HUVECs; Human umbilical vein endothelial cells, 
Aldo; Aldosterone, and DMSO; Dimethylsulfoxide.

Aldo accelerated senescence and promoted apoptosis 
in HUVECs induced by Ox-LDL

Cell aging analysis results show that the senescence of 
HUVECs has been accelerated by the combined treatment 
of Aldo and Ox-LDL, but almost was not affected by 
the single drug (Fig.3A, B). qPCR results showed that 
eNOS RNA levels dramatically decreased, and the Sirt1 
mRNA levels significantly increased when HUVECs 
were treated with Aldo and Ox-LDL (Fig.3C). Western 
blot results confirmed that the pattern of the eNOS protein 
level is similar to the mRNA level (Fig.3D, E). Apoptosis 

assay results showed that the apoptosis rate of HUVECs 
significantly increased when combined treatment using 
both Aldo and Ox-LDL, compared with the control or 
single drug (Fig.4A, B). Western blot results suggested 
that the quantity of apoptosis-related critical protein Bcl-
2 decreased, and Bax increased in HUVECs treated with 
single/combined drugs (Fig.4C-E), which suggested that 
the apoptosis is mediated by Bcl-2 family proteins through 
the mitochondria-dependent pathway. These above key 
factors, including eNOS, Sirt, Bcl-2, and Bax, may be 
useful targets for the better prevention and therapy of AS.
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C

Fig.3: Aldo sterone accelerates senescence in HUVECs treated with Ox-LDL. HUVECs were treated with 20 μM Aldo alone or combined with 120 μg/mL of 
Ox-LDL for 48 hours. Cells were treated with the same amount of DMSO as control. A. Cell aging was detected by Senescence β-Galactosidase Staining Kit 
(scale bars: 50 μm). B. Ratio of SA-β galactosidase-positive HUVECs. C-E. Western blot and qPCR analysis of eNOS and Sirt1 in HUVECs. 
*; P<0.05, **; P<0.005, ***; P<0.0005, ****; P<0.0001 compared with the control group, HUVECs; Human umbilical vein endothelial cells, Ox-LDL; Oxidized 
low-density lipoprotein, DMSO; Dimethylsulfoxide, and qPCR; Quantitative polymerase chain reaction.
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Fig.4: Aldo sterone promotes apoptosis in HUVECs induced by Ox-LDL. HUVECs were treated with 20 μM Aldo alone or combined with 120 μg/mL of Ox-
LDL for 48 hours. Cells were treated with same amount of DMSO as control. A. The apoptosis of HUVECs was detected by Hoechst33342 staining (scale 
bars: 50 μm). B. Ratio of Hoechst33342 staining-positive HUVECs. C-E. Western blot analysis of Bcl-2 and Bax in HUVECs. β-actin is included as the loading 
control. Shown are mean values ± standard errors from three experiments. 
*; P<0.05, **; P<0.005 compared with the control group, HUVECs; Human umbilical vein endothelial cells, Ox-LDL; Oxidized low-density lipoprotein, and 
DMSO; Dimethylsulfoxide.
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Fig.5: Aldo sterone and Ox-LDL inhibits tube formation in vitro. Cells were 
treated with Aldo (20 μM), Ox-LDL (120 μg/mL) or Aldo plus Ox-LDL for 48 
hours, control was incubated with DMSO. A. Tube formation of HUVECs 
was examined by in vitro Matrigel tube formation assay (Scale bars: 100 
μm). B. The relative expression of mRNA levels of Angiopoietin-1/2 in 
HUVECs was detected by qPCR. Shown are mean values ± standard errors 
from three experiments.
*; P<0.05, **; P<0.005 compared with the control group, Ox-LDL; Oxidized 
lowdensity lipoprotein, DMSO; Dimethylsulfoxide, HUVECs; Human umbilical vein 
endothelial cells, h; hours, and qPCR; Quantitative polymerase chain reaction.

Angiogenesis was inhibited in HUVECs treated with 
Aldo and/or Ox-LDL

Matrigel tube formation assay shows that angiogenesis 
of HUVECs was inhibited dramatically with the 
combined treatment of both Aldo and Ox-LDL (Fig.5A), 
which suggested that the ability to repair damaged cells 
attenuate. Both Angiopoietin1 and Angiopoietin2 are 
important in the process of Angiogenesis. qPCR results 
showed that Angiopoietin1 expression was promoted 
while Angiopoietin2 was inhibited in combined treatment 
(Fig.5B). The mechanism of angiogenesis regulated by 
Angiopoietin1/2 needs to be further clarified. 

Discussion
Increasing evidence shows that Aldo plays crucial roles 

in the occurrence and progression of AS and promoting 
the formation of plaques (21). It is recognized that foam 
cell formation was a critical step, mainly according to 
the macrophages following exposure to Ox-LDL (22, 
23). Patients’ statistical data analysis results showed 
that excessive Aldo is related directly with TG/HDL-C 
ratio, which is a main predictive factor for cardiovascular 
disease, and this elucidates that excessive Aldo level may 
cause AS by affecting both TG and HDL-C. It is useful to 
continue to collect the patient’s information.

An elevated level of plasma LDL-C is an important 
risk factor for AS. It is useful to decrease cardiovascular 
risk and prevent the progression of AS with controlling 
elevated LDL-C (24). Aldo has little effect on the LDL-C 
level in our patients. It is very interesting to investigate 
whether the progression of AS may be accelerated if Aldo 
affects the value of TG/HDL-C in the presence of a high 
level of LDL-C. There is a synergetic effect for the patient 
with excessive Aldo and Ox-LDL, which plays a central 
role in AS by acting on multiple cells, such as causing 
HUVECs in oxidative stress (25). Based on the HUVECs 
model, we found that cell growth and angiogenesis were 
synergistically inhibited. The rates of senescence and 
apoptosis were synergistically promoted when combined 
with both Aldo and Ox-LDL. Therefore, endothelial cells 
dysfunction, including growth, angiogenesis, senescence, 
and apoptosis, all of which were affected by Aldo in 
the presence of Ox-LDL. These findings provided more 
information for the clinical treatment of AS. 

Human vascular endothelial cell senescence 
and apoptosis are initiating factors in numerous 
cardiovascular diseases (26). Activation of the renin-
angiotensin-aldosterone (Aldo) system plays a critical 
role in endothelial dysfunction, vascular remodeling, and 
senescence (27). There are also many vital protein factors 
involved in the process of AS. eNOS/Sirt1 regulatory 
loops are the main factors in the ROS process, and Bcl-
2/Bax are the main factor involved in the cell apoptosis 
(28). Angiopoietin2 attenuates AS, and its up-regulation 
may have potential therapeutic value in patients with 
this disease (29). Our study showed that eNOS/Sirt1, the 
value of Bcl-2/Bax and Angiopoietin2 are significantly 
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decreased with the concomitant treatment of Aldo and 
Ox-LDL. These factors play important roles in the 
process of endothelial cells dysfunction induced by Aldo 
and/or Ox-LDL. However, the mechanism of these key 
genes expression regulation by Aldo and Ox-LDL is still 
not clarified. 

In summary, HUVECs growth, angiogenesis, senescence, 
and apoptosis were significantly affected when treated with 
both Ox-LDL and Aldo. The further study of Aldo will 
provide a theoretical basis for the effective prevention and 
investigation of a new treatment of AS. High concentrations 
of Aldo and LDL-C may accelerate the process of the 
disease, especially for those patients with increased level 
of Aldo who must control their LDL-C. 
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Abstract
Objective: Assessment of relationship between LC3II/LC3 and Autophagy-related 7 (Atg7) proteins, as markers of autophagy, 
as well as evaluating the sperm parameters and DNA fragmentation in spermatozoa of infertile men with globozoospermia. 

Materials and Methods: In this case-control study, 10 semen samples from infertile men with globozoospermia and 10 
fertile individuals were collected, and the sperm parameters, sperm DNA fragmentation, and main autophagy markers 
(Atg7 and LC3II/LC3) were assessed according to World Health Organization (WHO) criteria, TUNEL assay, and 
western blot technique, respectively. 

Results: The mean of sperm concentration and motility were significantly lower, while the percentage of abnormal 
spermatozoa and DNA fragmentation were significantly higher in infertile men with globozoospermia compared to 
fertile individuals (P<0.01). Unlike the relative expression of LC3II/LC3 that did not significantly differ between the two 
groups, the relative expression of ATG7 was significantly higher in infertile men with globozoospermia compared to 
fertile individuals (P <0.05). There was a significantly negative correlation between the sperm concentration (r=-0.679; 
P=0.005) and motility (r=-0.64; P=0.01) with the expression of ATG7, while a significantly positive association was founf 
between the percentage of DNA fragmentation and expression of ATG7 (0.841; P =0.018).

Conclusion: The increased expression of ATG7 and unaltered expression of LC3II/LC3 may indicate that the 
autophagy pathway is initiated but not completely executed in spermatozoa of individuals with globozoospermia. A 
significant correlation of ATG7 expression with increased sperm DNA fragmentation, reduced sperm concentration, and 
sperm motility may associate with the activation of a compensatory mechanism for promoting deficient spermatozoa to 
undergo cell death by the autophagy pathway. Therfore, this pathway could act as a double-edged sword that, at the 
physiological level, is involved in acrosome biogenesis, while, at the pathological level, such as globozoospermia, could 
act as a compensatory mechanism. 
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Introduction 
Round-headed sperm syndrome or globozoospermia, is 

one of the types of monomorphic severe teratozoospermia 
(abnormal spermatozoa that are defective in terms 
of function and morphology), leading to a decrease 
or an absence of the acrosome in sperm cells. It is 
also characterized by the abnormal arrangement of 
mitochondria, aberrant nuclear membrane, and mid-piece 
defects (1,2). The absence of acrosome and lack of ability 
of these sperm to induce oocyte activation are considered 
the main reason for infertilization of these patients (3). 

Globozoospermia has a genetic mode of inheritance as 
autosomal recessive (4). In this regard, three genes were 
identified related to globozoospermia namely, SPATA16, 
PICK1, and DPY19L2 (5-7). These genes are somehow 
associated with the formation and localization of the acrosome 

(7). In animal models, it is now known that the absence of 
the expression of other genes, such as Autophagy-related 7 
(Atg7), HIV-1 Rev-binding protein (HRB), Golgi-associated 
PDZ, coiled-coil motif containing protein (GOPC), casein 
kinase 2, and α-prime polypeptide (CSNK2A2) induce 
a phenotype similar to globozoospermia (7-9). All of 
these genes are linked to biogenesis of the acrosome; the 
development of which commences with the formation and 
fusion of many pro-acrosomic granules from trans-Golgi 
stacks to create a single large acrosomic granule binding to 
the nucleus and subsequently covering this structure to form a 
mature acrosome (7). In addition, autophagy is also essential 
for acrosomal biogenesis, and the inactivation of testicular 
Atg7 leads to deformity in acrosome structure (8).

Autophagy is considered one of the main intracellular 
process that can degrade and/or recycle long-lived 
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proteins and organelles. From a molecular point of 
view, Atg12-Atg5 and LC3-lipid/membrane, as two 
ubiquitin-like conjugation systems, form the core of 
autophagy machinery (10). For both of these conjugation 
systems, Atg7 is a key molecule, as it is able to activate 
both systems. The outcome of these molecular events 
can be observed at cellular levels, as the engulfment 
of cytoplasmic components is mediated by a double-
membrane vesicle known as autophagosomes. The fusion 
of autophagosomes with lysosomes ultimately creates 
autolysosome. The autophagosome membrane, along 
with its contents is subseqyently degraded by hydrolases 
enzymes, residing in autolysosome (10).

Considering autophagy plays a dual role in cell death and 
acrosomal biogenesis, and also, spermatozoa of infertile men 
with globozoospermia have low or no acrosome, we aimed 
to assess the two central markers of autophagy, namely Atg7 
and LC3II/LC3, as well as the sperm parameters and DNA 
fragmentation in these individuals. 

Materials and methods
This  case-control  study  was  approved  by  the  review 

board  of  the  Royan  Institute  (Ethical Code: IR.ACECR.
ROYAN.REC.1397.15).  The  written  informed  consent 
was  obtained  from  all  individuals  who  participated  in 
this  study .Semen samples were collected from subjects 
who  referred  to  Isfahan  Fertility  and  Infertility  Center. 
Totally  10  ,semen  samples  from  infertile  men  with 
globozoospermia  and  10  semen  samples  from  fertile 
men were  collected for  this  study .All  globozoospermic 
samples  had  DPY19L2  deletion  that  was  assessed 
according to our previous study (6). Couplese with female 
factor infertility and men with leukocytospermia, genital 
infection, anatomical disorders, abnormal hormonal 
profle, varicocele, previous history of scrotal trauma or 
surgery, and age >40 years were excluded from this study. 

Semen samples collection
Semen samples were collected after 3-5 days of sexual 

abstinence by masturbation in the sterile containers and 
kept for 30 minutes at room temperature to liquefy. In the 
first step, the sperm parameters (concentration, motility, and 
morphology) were evaluated according to guidelines provided 
by WHO (11). The sperm concentration and motility were 
determined by CASA (computer-assessed semen analysis; 
version Sperm 2.1# 1990-2004, Russia) system secured with 
a sperm processor chamber (Sperm meter; Sperm Processor, 
Aurangabad, India). Besides, sperm morphology was 
assessed by the Diff-Quick staining method and analyzed 
by CASA system. In the second step, we evaluated DNA 
fragmentation by the TUNEL assay and authophagy markers 
(Atg7 and LC3II/LC3I) by the western blot technique. 

Diff-Quick staining
For the assessment of sperm morphology, we purchased 

a commercially available kit (Faradidpardaz Co, Iran), 
containing a fixative soloution (methanol), eosin dye for 

staining basic proteins (red), and thiazine dye for staining 
sperm DNA (blue). Briefly, 20 microlitres of the washed 
samples were smeared and air-dried. Then, slides were 
sequentially soaked in fixative, eosin, and thiazine solutions 
for 10-20 seconds, and finally rinsed in water to remove extra 
dye (11). Next, abnormalities in head, tail, acrosome, and 
neck of spermatozoa were evaluated (Fig.1A).

TUNEL assay
In this study, we determined DNA fragmentation of 

spermatozoa using a detection kit (Apoptosis Detection 
System Fluorescein, Promega, Germany), according to the 
manufacturer’s instructions. Briefly, semen samples were 
washed twice with phosphate-buffered solution (PBS), 
and then for each sample, two smears were prepared. 
Then, slides were fixed in 4% paraformaldehyde for 25 
minutes. Subsequently, slides were washed with PBS. Fixed 
spermatozoa were permeabilizaed with 0.2% Triton X-100 
for 5 minutes. The next step was equilibration of slides 
with equilibration buffer for 7 minutes, and then incubation 
of slides with a mixture soloution, containing nucleotide 
mix, rTdT, and equilibration buffer for 90 minutes at 37˚C 
in a humidified chamber. Lastly, reactions were stopped by 
2X SSC buffer and then the slides were washed with PBS. 
We stained slides with a freshly diluted propidium iodide 
solution (1 μg/ml in PBS) for 10 minutes and then slides were 
washed in PBS. For the evaluation of the percentage of DNA 
fragmentation, we used a fluorescence microscope (BX51, 
Tokyo, Japan). At least, 500 spermatoza were counted for 
each sample. Spermatozoa with red nuclei were considered 
sperm with intact DNA, while those with green nuclei had 
damaged DNA, and they were reported as TUNEL-positive 
or DNA fragmented cells (Fig.1B and C).  
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Fig.1: Assessment of sperm morphology and DNA fragmentation using 
Diff-Quick staining and TUNEL assay, respectively. A. Sperm sample 
from an infertile men with globozoospermia was satined with Diff-
Quick method for assessment of sperm morphology and analyzed by 
CASA system (computer-assessed semen analysis; version Sperm 2.1# 
1990-2004, Russia). B and C. Sperm sample from an infertile men with 
globozoospermia was assessed by TUNEL assay for evaluation of sperm 
DNA fragmentation (B: Light microscop; C: Floresecnce microscope).

Western blot
Protein extraction was performed from washed samples 

using TRI Reagent (Sigma-Aldrich; USA). Then, the 
protein concentration of each sample was evaluated by 
the Bradford assay (Bio-Rad; USA) to determine the 
amount of total proteins that should be loaded in each 
lane. For this aim, 40μg of protein of each sample were 
electrophoresed on 12% sodium dodecyl sulfate (SDS) 
polyacrylamide gels and then, the separated proteins were 
transferred onto PVDF membranes (Bio-Rad; USA). The 
membranes were blocked by PBS containing 5% skim 
milk powder (Merck, USA). For the detection of Atg7, 
LC3, and housekeeping glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), we used anti-Atg7 rabbit 
polyclonal antibody from Abcam company (Cambridge, 
MA, USA) with a dilution ratio of 1:1000, anti-LC3 rabbit 
polyclonal antibody from Novus Biologicals company 
(Littleton, CO, USA) with a dilution  ratio of 1:4000, 
and monoclonal anti-glyceraldehyde GAPDH from 
Millipore company (USA) with a dilution ratio of 1:5000 
as specific primary antibodies. For the first two proteins, 
membranes were incubated with proimary antibidies 
overnight, while for the dtermination of the GAPDH 
protein, the membrane was incubated with the specific 
primary antibody for 90 minutes. Afterward, membranes 
were washed and incubated for an hour with appropriate 
secondary antibodies.  For tracking anti-Atg7 and anti-
LC3 antibodies, horseradish peroxidase (HRP) conjugated 

anti-rabbit IgG (Dako, Japan) was applied, while for 
probing the GAPDH protein, horseradish peroxidase 
(HRP)-conjugated goat anti-mouse IgG (Dako, Japan) 
was utilized as secondry antibodies. Then, membranes 
were rinsed three times. The presence of specific proteins 
was identified using an Amersham ECL Advance Western 
Blotting Detection Kit (GE Healthcare, Germany). For 
the quantification of data, the density of protein bands 
was analyzed by Quantity One 1-D Analysis software v 
4.6.9 (Bio-Rad, Munchen, Germany). Normalization of 
data was performed by dividing of band densities of Atg7 
and LC3 to the band density of Glyceraldehyde GAPDH, 
and represented as the expression level of Atg7 and LC3. 
Moreover, the ratio of LC3-II level/LC3-I level was 
measured as an indicator of autophagic level (12).

Statistical analysis
For the comparison of the sperm parameters, DNA 

fragmentation, the expression of ATG7 and LC3II/LC3 
proteins between fertile and globozoospermic men, 
independent t test was used. In this study, the values 
were expressed as the means and standard error (mean 
± SE). The P values of less than 0.05 were statistically 
significant. For the evaluation of the relasionship between 
different parameters, pearson correlation coefficient was 
employed. All statistical analyses were conducted using 
the SPSS software (V19.0; IDM, Chicago, IL, USA).

Results
The mean sperm concentrations (38.62 ± 8.63 vs. 82.64 

± 11.41; P=0.005) and sperm motility (32.85 ± 6.05 vs. 
62 ± 4.27; P= 0.001) were significantly lower in infertile 
globozoospermic men compared to fertile men. The mean 
percentage of abnormal sperm morphology (100 ± 0.01 vs. 
91.55 ± 2.44; P=0.006) was significantly higher in men with 
globozoospermia compared to fertile individuals. Also, the 
mean percentage of DNA fragmentation was significantly 
higher in men with globozoospermia compared to fertile 
individuals (18.18 ± 7.8 vs. 5.35 ± 1.9; P<0.05). 

The role of autophagy flux in globozoospermia was 
studied by the western blot analysis to detect ATG7 and 
LC3II/LC3 proteins. The relative expression of ATG7 was 
significantly higher in infertile men with globozoospermia 
compared to fertile subjects ( at a ratio of ATG7/GAPDH 
3.1 ± 0.94 vs. 0.71 ± 0.2; P=0.04). However, the ratio of 
LC3II/LC3I shows no significant difference between the 
two groups (0.07 ± 0.04 vs. 0.06 ± 0.03; P=0.8) (Fig.2). 

In this study, the correlations between measured 
parameters and markers in total population were analyzed 
as depicted in Table 1. The results showed significantly 
negative associations of sperm concentration and 
motility with the expression of ATG7 (P<0.05). Besides, 
a significantly positive correlation was found between 
the percentage of DNA fragmentation and expression 
of ATG7 (P<0.05). There were also significant negative 
correlations among the percentage of DNA fragmentation, 
sperm concentrations, and motility (P<0.05).
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Fig.2: Western blot of autophagy markers Atg7 and LC3. A. Western blot image of three fertile individuals and three infertile men with globozoospermia. 
B. Intensity of Atg7 relative to GAPDH and LC3II/LC3I ratio between infertile men with globozoospermia and fertile individuals. Data are presented as 
mean ± SEM and analyzed by independent-samples t test (*P<0.05). GAPDH; Glyceraldehyde 3-phosphate dehydrogenase; and Atg7; Autophagy-related 7.

Table 1: Correlations between autophagy markers, semen parameters and DNA damage.

Parameters ATG7 LC3II/LC3I Concentration (106/ml) Motility (%) Abnormal sperm 
morphology (%)

TUNEL (%)

ATG7 1 -0.223 -0.679** (P=0.005) -0.640* (P=0.01) 0.421 0.841* (P=0.018)

LC3II/LC3I -0.223 1 -0.302 -0.204 0.232 -0.179

Concentration
(106/ml)

-0.679** (P=0.005) -0.302 1 0.722** (P<0.001) -0.207 -0.663* (P= 0.026)

Motility (%) -0.640* (P=0.01) -0.204 0.722** (P<0.001) 1 -0.316 -0.693* (P= 0.018)

Abnormal sperm 
morphology (%)

0.421 0.232 -0.207 -0.316 1 0.264

*; Correlation is significant at the 0.05 level (2-tailed), **; Correlation is significant at the 0.01 level (2-tailed), ATG7; Autophagy-related 7, and TUNEL; 
Terminal deoxynucleotidyl transferase dUTP nick end labeling.

Discussion
Globozoospermia is a type of primary infertility in men 

with a prevalence of less than 0.1% among all types of 
male infertilities (1). Recent studies demonstrated that 
autophagy is involved in acrosomal biogenesis, and 
testis specific inactivation of Atg7 leads to deformation 
of the acrosome (8,9). Therefore, we aimed to analyze 
some markers involved in autophagy in spermatozoa 
of individuals with globozoospermia. The present 
study demonstrated that the expression of ATG7 was 
significantly higher in globozoospermic individuals 
compared to the control group. However, no difference 
was found in LC3II/LC3 expression between the two 
groups. According to a study conducted by Lee et al., to 
induce autophagy and achieve acrosome biogenesis, the 
LC3 portein has to be deacetylated by Sirt1, allowing 
the de-acetylated LC3 protein to be transferred from the 
nucleus to the cytoplasm (13). Regarding our obtained 
results, it is possible that due to defects in the expression 
of other genes involved in the acrosomal biogenesis, such 
as DPY19L2 (5-7), spermatozoa increase the activation of 
autophagy which is perceptible by the increased expression 
of ATG7. However, because of the deletion of DPY19L2 

gene, the acrosome biogenes does not completely occur. 
Our findings also suggest that autophagy is initiated 
but not completed, as we observed no change in a ratio 
of LC3II/LC3 expression. The confirmation of this 
hypothesis requires further studies.

Considering that autophagy may be induced in 
the form of cell death (14), another reason for the 
increase in ATG7 expression in inefertile men with 
globozoospermia may be an increased rate of cell death. 
In this regard, higher sperm DNA fragmentation, as one 
of the causes of cell death and chromatin damage, has been 
reported in these individuals (2, 15, 16) even in Dpy19l2-
deficient globozoospermic spermatozoa (17). On the other 
hand, autophagy normally helps cells survive in stressful 
conditions; however it can ultimately result in cell death. 
Also, a previous study demonstrated a low fertilization 
rate in men with higher 10% thresholds, as measured by the 
TUNEL assay (18). In this regard, we also observed that 
the mean sperm DNA fragmentation was higher than 10% 
in infertile men with globozoospermia compared to fertile 
men. Therefore, we suggested that one of the possible 
cause of failure in assisted reproduction techniques in 
these individuals may be owing to the high percentage of 
sperm DNA fragmentation in the semen samples.  

A B
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The observed significant negative correlations among 
ATG7 expression, sperm concentration, and motility in the 
present study suggest that in some sperm cells, autophagy 
and cell death are completed, led to the reduced sperm 
concentrations. Moreover, a significantly positive correlation 
between sperm DNA fragmentation and the expression of 
ATG7, as well as a significantlt positive association between 
abnormal sperm chromatin packaging (protamine deficiency) 
and the expression of ATG7  (19) may confirm the activation 
of the ATG7 pathway, as a promoter of cell death. Regardless 
of a significantly negative correlation between sperm motility 
and the expression of ATG7 (20) in this study, our results 
were consistent with findings obtained in a study carried out 
Zhang et al. who showed that the sperm motility of zebrafish 
would be improved upon the inhibition of autophagy (21). 
These differences between studies may be related to sample 
size ,species ,and type of samples. 

Conclusion
Sperm samples from globozoospermic men show 

high expression of ATG7 which would be expected to 
remove a number of abnormal spermatozoa, as defined by 
chromatin abnormal packaging and/or damaged DNA in this 
condition. A significantly negative correlation among sperm 
concentration, and motility, and the expression of ATG, along 
with a significantly positive correlation among sperm DNA 
fragmentation, the sperm parameters, and the expression of 
ATG7 might be linked with the activation of the autophagy 
pathway, as a compensatory mechanism for driving deficient 
spermatozoa to undergo cell death. Autophagy can act as 
a double-edged sword that, at the physiological level, is 
involved in acrosome biogenesis, while, at the pathological 
events, such as globozoospermia and varicocele it possibly 
acts as a compensatory mechanism for promoting deficient 
spermatozoa to undego cell death. One of the limitations of 
this study was small sample size. Therfore,further studies are 
needed to confirm this hypothesis in different pathologies of 
male infertility.   
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Abstract
Objective: We aimed to identify the differentially expressed proteins (DEPs) and functional differences between exosomes 
derived from mesenchymal stem cells (MSCs) derived from umbilical cord (UC) or adipose tissue (AD). 

Materials and Methods: In this experimental study, the UC and AD were isolated from healthy volunteers. Then, 
exosomes from UC-MSCs and AD-MSCs were isolated and characterized. Next, the protein compositions of the 
exosomes were examined via liquid chromatography tandem mass spectrometry (LC-MS/MS), followed by evaluation 
of the DEPs between UC-MSC and AD-MSC–derived exosomes. Finally, functional enrichment analysis was performed.  
Results: One hundred and ninety-eight key DEPs were identified, among which, albumin (ALB), alpha-II-spectrin 
(SPTAN1), and Ras-related C3 botulinum toxin substrate 2 (RAC2) were the three hub proteins present at the highest 
levels in the protein-protein interaction network that was generated based on the shared DEPs. The DEPs were mainly 
enriched in gene ontology (GO) items associated with immunity, complement activation, and protein activation cascade 
regulation corresponding to 24 pathways, of which complement and coagulation cascades as well as platelet activation 
pathways were the most significant. 
Conclusion: The different functions of AD- and UC-MSC exosomes in clinical applications may be related to the 
differences in their immunomodulatory activities. 
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Introduction

Mesenchymal stem cells (MSCs) are pluripotent stem 
cells with the abilities of self-renewing and differentiating 
into various cell types, such as osteoblasts, chondrocytes, 
myocytes, and adipocytes, under appropriate conditions (1). 
MSCs have specific immune properties that allow them to 
survive in a heterogeneous environment (2). Umbilical cord-
derived MSCs (UC-MSCs) are the most primitive MSCs, and 
they have been proven to be effective in disease therapy, such 
as in lupus erythematosus (3), psoriasis (4), and rheumatoid 
arthritis (5). Adipose tissue-derived mesenchymal stem 
cells (AD-MSCs), which can differentiate into osteoblasts, 
chondroblasts, adipose precursor cells, and cardiomyocytes, 
hold great promise for use in wound healing and treating 
kidney injuries (6, 7). Although the clinical applications of 
UC-MSCs and AD-MSCs are extensive, their applications 
are somewhat different. Additionally, there are various 

limitations for the clinical applications of MSCs on the 
whole. For instance, except for UC-MSCs, MSC collection 
procedures are invasive and laborious. Furthermore, 
proliferation and differentiation abilities of MSCs decrease in 
culture after several passages (8, 9). In spite of the function 
of MSCs that has been confirmed in regenerative medicine 
and immunomodulatory diseases, the wide application of 
MSCs is restricted owing to the limitations in their source 
and stability (8).

Exosomes are small bilayer vesicles of 30-100 nm in 
diameter that are released from cells. They are involved 
in intercellular communication by transferring cellular 
components between cells (10). Many studies have shown 
that MSC-derived exosomes have functions similar to 
those of MSCs, such as immune regulation and promoting 
regeneration of damaged tissues (11). Relative to MSCs, 
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exosomes are more stable and retainable in the host following 
their allogeneic administration due to a lower host-versus-
graft reaction (10). Exosomes derived from MSCs may 
provide an alternative therapy for various diseases, especially 
for degenerative diseases. Li et al. (12) have reported that 
transplantation of exosomes derived from UC-MSCs 
alleviates liver fibrosis induced by CCl4. Similarly, exosomes 
from UC-MSCs repair cisplatin-induced acute kidney injury 
and acute myocardial ischemic injury (13, 14). In addition, in 
a previous study exosomes derived from UC-MSCs showed 
immunomodulatory effects on in vitro stimulated T cells and 
promoted cell migration in a breast cancer cell model through 
the Wnt signaling pathway (15, 16). Combination of AD-
MSCs- and AD-MSC-derived exosomes also significantly 
reduced the brain infarct volume in strove rats, and protected 
the kidneys from acute ischemia-reperfusion injury (17, 18).

Exosomes usually contain lipids, miRNAs, mRNAs, and 
proteins that can recognize their target cells and modulate their 
functions. In recent years, exosome proteomes have been at 
the center of attention in biomedical research. Thousands of 
proteins have been found in exosomes, several hundreds of 
which are common in at least two sets, and only two proteins 
are shared by more than four sets (11). It is well known that 
exosomes are membranous vesicles released by cells, which 
exist in blood, breast milk, saliva, malignant effusions, 
and also in the supernatants of cell cultures (20). In recent 
years, exosomes derived from MSCs have been applied 
in the clinics. As proteins mediate most of the intracellular 
physiological processes and communication between cells, 
mass spectrometry proteomics methods and proteomics have 
been widely used in elucidating biological processes (21). In 
the present study, exosomes from UC-MSCs and AD-MSCs 
were isolated and their protein compositions were examined 
by liquid chromatography-tandem mass spectrometry 
(LC-MS/MS). Then, functional enrichment analysis of the 
differentially expressed proteins (DEPs) between the two 
exosomes was performed. The purpose of this research was 
to evaluate the DEPs and potential functional differences 
between the exosomes derived from UC-MSCs and those 
derived from AD-MSCs. 

Materials and Methods
Materials

In this experimental study, MSCs serum-free medium 
was ordered from Shanghai Pumao Biotechnology 
(Shanghai, China), and trypsin and Dulbecco’s phosphate 
buffered saline (DPBS) were ordered from Gibco (Grand 
Island, NY, USA). The antibodies of APC-anti-human 
CD73, FITC-anti-human CD90, PerCP-Cy5.5- anti-
human CD105, PE-anti-human CD34, PE-anti-human 
CD45, and PE-anti-human HLA-DR were purchased 
from BD Pharmingen (NJ, USA). The CD63 and β-actin 
antibodies were ordered from Absin Bioscience (Shanghai, 
China) and Cell Signaling Technology (Danvers, MA, 
USA), respectively. 

Cell culture and supernatant collection
The collection and use of all human umbilical cords 

or adipose tissues from healthy volunteers in this study 
was approved by Ethics Committee of Shanghai Tongren 
Hospital (No.201501801). UC-MSCs were acquired by 
through direct explant method using umbilical cords donated 
by healthy women immediately after giving birth (22). AD-
MSCs were acquired from the adipose tissues of healthy 
volunteers using the enzymatic digestion method (23). All 
the donors provided their informed consents prior to tissue 
donation. Cellular morphologies of the UC- and AC-MSCs 
were examined and photographed using a light microscope 
(Nikon TS100). The UC- and AD-MSCs were plated at the 
density of 8000 cells/cm2 in T175 flasks for 3-5 passages in 
serum-free medium. The supernatants of the cultures were 
collected after 72 hours for exosome collection. The total 
supernatant volume collected for each cell type was 50 mL.

Characterization of the surface markers on UC-MSCs 
and AD-MSCs

Surface marker characterization was performed by flow 
cytometry. Briefly, the UC-MSCs and AD-MSCs were 
detached with trypsin and washed with DPBS. Afterward, 
APC-anti-human CD73, FITC-anti-human CD90, PerCP-
Cy5.5-anti-human CD105, PE-anti-human CD34, PE-
anti-human CD45, and PE-anti-human HLA-DR were 
added into the tubes containing 5-10×105 cells. After 
twenty minutes of incubation in the dark. the cells were 
washed with DPBS and processed with FACS Calibur 
system (BD Bioscience, USA).

Extraction and identification of exosomes
To remove the residual cells and fragments, the 

supernatants of both cell types were consecutively 
centrifuged at 800 g for ten minutes and 12,010 g for 
twenty minutes at 4˚C. Then the samples were centrifuged 
at 100,010 g for two hours at 4˚C. After washing, the 
precipitates were resuspended in 100 μL DPBS. Finally, 
the exosomes were stored at -80˚C for future usage.

The morphologies of the exosomes were examined 
using a transmission electron microscope (TEM) JEM 
2100F (JEOL, Japan). The particle size distribution of the 
exosomes was assessed by the particle analysis system: 
qNano (Izon science, Oxford, UK). The expression level 
of CD63 on the exosomes was evaluated by the BCA 
Protein Assay Kit (Sangon Biotech, Shanghai, China) and 
western blotting assay.

Mass spectrometry analysis
Exosome-associated proteins were studied using LC-

MS/MS. Briefly, the supernatant and exosome solutions of 
UC- and AD-MSCs were all sonicated before the protein 
contents were extracted. Afterward, 1M dithiothreitol and 
1 M iodoacetamide were included to reduce and alkylate 
the extracted proteins, respectively. The samples were then 
digested using 20 ng/μL trypsin overnight at 37˚C. Next, 
the mixtures were centrifuged at 12,010 rpm for twenty 
minutes. Then the filtrate was collected and dried at 55˚C 
to obtain the polypeptides. The dried polypeptide samples 
were reconstituted in 0.1% aqueous formic acid, followed 
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by desalting via ZipTip C18 columns (Thermo Scientific, 
Waltham, MA, USA). The samples were recovered from 
the columns with water containing 2% acetonitrile and 
0.1% formic acid. Finally, the samples were analyzed with 
Nano Liquid Chromatography–Orbitrap Mass Spectrometry 
(Easy-nLC1200, Q-Exactive Plus, ThermoFisher Scientific). 
In the present study, 16 samples were analyzed, comprising 
4 replicates from each supernatant and exosome sample 
derived from UC-MSCs or AD-MSCs (Sup UC, Sup AD, 
Exosome UC, and Exosome AD). 

For the mass spectrometric analysis, an electrospray 
positive ion source and secondary data-dependent acquisition 
(data-dependent acquisition, DDA) mode (Target SIM-
dd MS2) were used. The parameters of full mass were as 
follows: 2.0 KV spray voltage, 320˚C capillary temperature, 
350-1500 m/z scan range, 70,000 resolution, 3e6 AGC 
target, and 50 ms maximum ion injection time (MIT). The 
parameters of dd-MS2/dd-SIM were as follows: 20-2000 
m/z scan range, 17,500 resolution, 1e5 AGC target, 45 ms 
MIT, and 1.6 m/z isolation window. The most abundant 20 
peptides were subjected to a secondary fragmentation using 
high energy collisional dissociation (loop count=20, MSX 
count=1, TopN=20). The normalized collision energy (NCE) 
was 28. Likewise, the ions with a charge number of 1 and 
those≥8 were excluded. The dynamic exclusion time was 30 
seconds.

Data preprocessing
Data were obtained by Nano-ESI-LC-MS/MS by 

searching the Sequest HT engine, and the proteins of 
each group were identified by the Proteome Discoverer 
software (2.2.0.388, ThermoFisher Scientific). Protein 
analysis was performed using UniProt analysis software 
(https://www.uniprot.org/) with fixed carbamidomethyl-
cysteine, variable methionine-oxidation asparagine/
glutamine deamidation, and N-terminal acetyl that was 
allowed against the complete human proteome. The 
precursor mass tolerance was 10 ppm and the fragment 
mass tolerance was 0.02 Da, with the maximum missed 
cut site allowed being 2. The cut-off value for false 
discovery rate (FDR) was ≤1%. 

Identification of the differentially expressed proteins 
The log fold change (log FC) was calculated based 

on the total abundance ratio and the P value. The DEPs 
between Exosome UC vs. Exosome AD and Sup UC vs. 
Sup AD were selected with the P value<0.05 and |log2FC| 
>0.585 (1.5 fold) as the threshold of DEPs. In addition, 
the volcano and Veen maps were constructed. 

Protein-protein interaction network of the 
differentially expressed proteins 

Search tool for the retrieval of interacting genes/proteins 
(STRING) database was applied to analyze the protein-protein 
interaction (PPI) of the DEPs (23). The PPI relationship 
pairs, of which the threshold Required Confidence >0.4 
were used in the formation of the PPI network by Cytoscape 
(http://www.cytoscape.org/). Moreover, CytoNCA plugin 

(Version 2.1.6) was selected to study the topological features 
of the nodes in the PPI network with the "without weight" 
parameter. Based on the order of the degree centrality (DC), 
betweenness centrality (BC), and closeness centrality (CC) 
of the nodes, the top 10 key nodes (also named hub proteins) 
were identified. 

Functional enrichment analysis of the DEPs
The clusterProfiler of R package (Version 3.2.11) was 

used to perform the KEGG pathway and gene ontology 
(GO) enrichment analyses. P values <0.05 were considered 
significant, and the top 20 of the GO and pathway items were 
taken into account in the analysis. ClueGO and CluePedia 
plugins of cytoscape were used for functional clustering 
analysis of the target proteins. The network map of all target 
functional proteins was constructed by cytoscape. In the 
ClueGO plugin, the value of kappa showed the relationship 
between the GO terms according to the overlapping genes. 
Meanwhile, GO functions were grouped according to the 
kappa coefficients. A high kappa coefficient indicates a 
stronger correlation between the GO items. 

Mapping the key pathway 
Key pathways were mapped by the KEGG MAPPER, 

and the key proteins were marked.

Results
Cell surface markers of MSCs derived from UC and AD

UC-MSCs and AD-MSCs were characterized based 
on the International Society for Cellular Therapy (ISCT) 
minimal definition criteria flow cytometry (24). In culture, 
UC-MSCs had a long fusiform morphology with vortex-
like adherent projections. On the other hand, although 
AD-MSCs were also fusiform, they grew in parallel to 
each other or in a spiral pattern (Fig.1A, B). In addition, 
the majority of both UC- and AD-MSCs expressed CD73 
(98.24 and 100.00%, respectively), CD90 (98.61 and 
99.36%), and CD105 (99.94 and 99.93%) (Fig.1C, D). 
In contrast, only a few UC-MSCs and AD-MSCs were 
positive for CD34 (0.37 and 2.22%, respectively), CD45 
(1.04 and 0.32%), and HLA –DR (0.31 and 0.30%). All 
the results indicated that the cell morphology and surface 
markers of the UC- and AD-MSCs were in agreement 
with the ISCT standards.

Morphological characterization of the exosomes
The exosome morphologies were examined by 

TEM. The vesicles observed had a well-defined 
circular structure with a lipid bilayer membrane and 
a diameter of approximately 100 nm (Fig.2A). There 
was no obvious morphological difference between 
the exosomes derived from UC-MSCs and AD-
MSCs. The results of particle size distribution (Fig.2B) 
were consistent with the TEM results. In addition, 
the membrane-specific protein CD63 (28-29 kDa) 
was detected on the vesicles (Fig.2C). These results 
confirmed successful isolation of the exosomes. 

https://www.uniprot.org/
http://www.cytoscape.org/
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Fig.1: The morphology and surface biomarkers of UC- and AD- MSCs. A and B. show the morphologies of UC-and AD-MSCs with a magnification of 10X. C 
and D. show the surface markers of UC- and AD-MSCs. AD; Adipose tissue, UC; Umbilical cord, and MSCS; Mesenchymal stem cells.

Fig.2: Sizes and protein characteristics of exosomes. A. The TEM images of exosomes derived from UC- and AD- MSCs. B. The particle size distribution 
of exosomes derived from UC- and AD- MSCs. C. Western blot results of exosomes from UC- and AD- MSCs. AD; Adipose tissue, UC; Umbilical cord, and 
MSCS; Mesenchymal stem cells.
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DEPs between exosome UC and exosome AD, and 
between Sup UC and Sup AD

There were 458 DEPs between Exosome UC and 
Exosome AD comprising 430 upregulated and 55 
downregulated proteins (Fig.3A, B). Furthermore, 439 
DEPs were identified between Sup UC and Sup AD, 
comprising 296 upregulated and 143 downregulated 
proteins. There were 198 members in the intersection of 
the DEPs between exosome UC and exosome AD, and 
between Sup UC and Sup AD (Fig.3C), of which 163 
DEPs were synergistically expressed proteins. Exosomes 
were present in the supernatants in sufficient quantities to 
assess for functional differences between the two exosome 
types by studying the intersection of the two DEPs. 

Protein-protein interaction network analysis

The PPI network was formed based on the 198 
common DEPs mentioned above. This study found that 
the PPI network contained 92 nodes and 210 interaction 
pairs (Fig.4). The topological property analysis of the 
nodes revealed that albumin (ALB), alpha-II-spectrin 
(SPTAN1), and Ras-related C3 botulinum toxin substrate 
2 (RAC2) had higher scores compared to other proteins. 
Based on the topological property analysis, the top 5 
proteins (also named hub proteins) of the PPI network 
were ALB, SPTAN1, RAC2, protein phosphatase 2, 
regulatory subunit A (PPP2R1A), and alpha-centractin 
(ACTR1A). 

Fig.3: DEPs between exosomes derived from the UC- and AD- MSCs. A. The volcano figure of the DEPs between exosomes from the UC- and AD- MSCs. B. 
The volcano figure of the DEPs between supernatant from the UC- and AD- MSCs. C. Venn diagram of the DEPs. Blue and red dots represent downregulated 
and upregulated proteins, respectively. The gray color represents the normally regulated proteins, abscissa is log2FC, and ordinate is log10P. AD; Adipose 
tissue, UC; Umbilical cord, DEPs; Differentially expressed proteins, and MSCS; Mesenchymal stem cells.

Fig.4: The PPI network based on 198 shared DEPs. The green and red colors represent downregulated and upregulated proteins, respectively. The dot size represents 
the degree of connectivity, as the higher the degree of connectivity, the larger the dot. DEPs; Differentially expressed proteins, and PPI; Protein-Protein  interaction.
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Functional enrichment analysis

A total of 438 GO items were obtained based on the 
functional enrichment analysis, which was performed 
on the 163 synergistically expressed DEPs. The DEPs 
were mainly enriched in the GO items associated 
with immunity, complement activation, and protein 
activation cascade regulation (Fig.5A). Additionally, 
the DEPs were enriched in 24 pathways, including 
those associated with insulin signaling, focal adhesion, 
complement and coagulation cascades, and platelet 
activation (Fig.5B). Among these, the complement and 
coagulation cascade pathway and platelet activation 
were the most significant pathways in the whole 24 
pathways. 

Functional clustering analysis performed by the 
ClueDO plugin revealed that the enriched functions 
were divided into 15 categories. Figure 5C shows 
the representative functional items of each category, 
such as smooth muscle cell migration, lamellipodium 
organization, peptidyl tyrosine autophosphorylation, 
negative regulation of GTPase activity, and intestinal 
absorption (denoted by **, if the term/group was 
greater than significant, P value<0.001). In addition, 
correlation analysis was performed on the functional 
categories to obtain a functional clustering network 
(Fig.5D). The colors in Figures 5 C and D correspond 
to each other, and the same color represents the 
same type of GO function. The number of GO terms 
connected to the protein nodes (red markers) and the 
thickness of the links indicates the significance of each 
protein. Microfilament-associated proteins BRK1, 
recombinant rabbit coronin-1B (CORO1B), slit 
homolog 2 protein N-product (SLIT2), apolipoprotein 

A-II precursor (APOA2), apolipoprotein A-5 
precursor (APOA5), and β-arrestin-1 (ARRB1) were 
more significant than others. Figure 5D also shows 
the correlation between the GO items—the smaller 
the P value, the larger the dot, indicating a stronger 
correlation. It is clear from these results that intestinal 
absorption, positive regulation of endocytosis, 
regulation of the meiotic cell cycle, and smooth 
muscle cell migration are processes where protein 
function is substantial.

Mapping the key pathway

To further study the function of exosomes, the 
potential regulatory networks of the key pathways, 
the complement and coagulation cascade and 
platelet activation, were mapped. Figure 6A shows 
the complement and coagulation cascade pathway, 
which contains both extrinsically and intrinsically 
regulated cascades. When compared with the 
Exosome AD, the expressions of protein C inhibitor 
(PCI), von Willebrand Factor (vWF), urokinase type 
plasminogen activator (uPA), plasminogen activator 
(tPA), complement regulatory protein C1qrs, and 
human mannan-binding lectin-associated serine 
protease 1/2 (MASP1/2) in the Exosome UC were 
significantly upregulated. Figure 6B shows the 
platelet activation pathway, which has a significant 
association with the complement and coagulation 
cascade pathway. Adenylate cyclase (AC), Ras-
guanine nucleotide releasing factor (RASGRP), von 
willebrand factor (vWF), and tyrosine protein kinase 
Btk were upregulated in the Exosome UC, whereas 
tyrosine kinase Syk was downregulated.

A
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Fig.5: The functional enrichment analyses of the DEPs.  A. The histogram of GO enrichment analysis based on the DEPs.  B. KEGG pathway of DEPs. The vertical 
axis in A and B is the functional item and the horizontal axis is the count, which is the number of enriched proteins. The deeper the red color, the smaller the 
P value, indicating a higher significance.  C. The Pie chart of functional classification. Different colors represent different types of functions, and the labels are 
representative function items.  D. The network of ClueGO function. The red label is the target protein and the other dots are GO functional terms. The 
two-point line represents the correlation between different functions. Different colors represent different groups, and the smaller the P value, the larger 
the dot. Meanwhile the larger the kappa coefficient, the thicker the line. DEPs; Differentially expressed proteins, Go; Gene ontology, and KEGG; kyoto 
encyclopedia of genes and genomes.
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Fig.6: The regulatory network of different pathways. A. The regulatory network of the complement and coagulation cascade pathway. B. The regulatory 
network of the platelet activation pathway. Pink represents the differential protein that is upregulated in the pathway, and green is the downregulated 
protein in UC-MSC exosomes compared with AD-MSC exosomes. AD-MSCS; Adipose mesenchymal stem cells, and UC; Umbilical cord.
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Discussion
The widespread use of MSC exosomes in the repair 

and regeneration of damaged tissues is closely related 
to immune regulation (25). According to Neerukonda et 
al. (26), MSC exosomes can regulate innate and adaptive 
immune responses during infection, inflammation, and 
virus-associated pathology (27). The immunoregulatory 
effect of MSC exosomes may be associated with 
suppression of T lymphocyte function, natural killer cell 
cytotoxic activity, and B cell activation, proliferation and 
secretion. It may also be associated with modulation of 
macrophage differentiation and dendritic cell maturation 
(28). Proteomic analyses have shown that MSC exosomes 
contain various cytokines, such as interleukin-10 (IL-
10), interleukin-6 (IL-6), macrophage stimulating 
factor (MSF), transforming growth factor β (TGF β), 
prostaglandin E2, platelet-derived growth factor (PDGF), 
vascular endothelial growth factor (VEGF), and fibroblast 
growth factor (FGF) among others, indicating that MSC 
exosomes have immunomodulatory functions (29). 

In this study, the DEPs of exosomes from UC- and 
AD-MSCs were mainly enriched in immune functions, 
suggesting that these two exosome types highly differ 
in immune regulation. The complement and coagulation 
cascades and the platelet activation pathway were the most 
important among the 24 pathways related with GO items. 
The proteins BRK1, CORO1B, SLIT2, APOA2, APOA5, 
and ARRB1 in the functional clustering network were 
considered more significant than other proteins based 
on the Main GOs. Taken together, these results suggest 
that these two exosome types may be used for different 
clinical applications. 

The complement cascade has serum proteins that 
are activated by antigen-antibody complexes, causing 
pathogenic microorganisms to be cleaved or phagocytosed, 
thereby mediating immune and inflammatory responses 
(30, 31). The complement system has an important 
roles in exosome-related biological functions. Neuronal 
exosomes promote synaptic pruning through upregulation 
of complement cascade factors (32). Moreover, astrocyte-
derived exosomes in Alzheimer patient cells has shown 
high complement levels (33). In addition, the complement 
and coagulation cascade was the star signaling pathway 
in the proteomic research of exosomes. Wong et al. (34) 
reported that in the serum exosomes of acute ulcerative 
colitis mice, caused by dextran sulfate sodium, the 
complement and coagulation cascade pathway was 
activated. A proteomic profile analysis on the pathology 
of preeclampsia also revealed that cord exosome proteins 
might play an important role via the complement and 
coagulation cascades (34). In our study, the DEPs were 
obviously enriched in the complement and coagulation 
cascade pathway, indicating that the different functions 
of exosomes of AD- and UC-MSCs were related to the 
complement and coagulation cascades. 

Platelet activation was another significant signaling 
pathway in our study. It has been reported that exosomes 

are novel effectors of human platelet lysate activity 
(35). There are many studies focusing on bioactivities 
of exosomes derived from different platelets. For 
instance, exosomes from septic shock patients can induce 
myocardial dysfunction (36). Guo et al. (37) revealed 
that exosomes from plasma that contain large amounts of 
platelets may improve re-epithelialization of chronic skin 
wounds in diabetic rats. However, there are few studies on 
the activating effects of exosomes on platelets, especially 
in various types of MSCs (38). In our study, we found 
that the DEPs were mainly involved in platelet activation, 
which gave us a new perspective to assess the different 
functions between AD- and UC-MSC exosomes.

Conclusion
The DEPs between AD- and UC-MSC exosomes 

were significantly enriched in immunity, complement 
system, coagulation cascade, and platelet activation 
pathways. The different functions of AD- and UC-MSC 
exosomes in clinical applications may be related to their 
immunomodulatory activities.
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Abstract
Objective: Epilepsy is accompanied by inflammation, and the anti-inflammatory agents may have anti-seizure effects. In this 
investigation, the effect of deep brain stimulation, as a potential therapeutic approach in epileptic patients, was investigated 
on seizure-induced inflammatory factors. 

Materials and Methods: In the present experimental study, rats were kindled by chronic administration of pentylenetetrazol 
(PTZ; 34 mg/Kg). The animals were divided into intact, sham, low-frequency deep brain stimulation (LFS), kindled, and kindled 
+LFS groups. In kindled+LFS and LFS groups, animals received four trains of intra-hippocampal low-frequency deep brain
stimulation (LFS) at 20 minutes, 6, 24, and 30 hours after the last PTZ injection. Each train of LFS contained 200 pulses at
1 Hz, 200 µA, and 0.1 ms pulse width. One week after the last PTZ injection, the Y-maze test was run, and then the rats’
brains were removed, and hippocampal samples were extracted for molecular assessments. The gene expression of two
pro-inflammatory factors [interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α)], and glial fibrillary acidic protein (GFAP)
immunoreactivity (as a biological marker of astrocytes reactivation)  were evaluated.

Results: Obtained results showed a significant increase in the expression of of interleukin-6 (IL-6), tumor necrosis factor 
(TNF)-α, and GFAP at one-week post kindling seizures. The application of LFS had a long-lasting effect and restored all of 
the measured changes toward normal values. These effects were gone along with the LFS improving the effect on working 
memory in kindled animals. 

Conclusion:  The anti-inflammatory action of LFS may have a role in its long-lasting improving effects on seizure-induced 
cognitive disorders.
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Introduction
Epilepsy is among the most prevalent brain diseases, 

has widespread distribution, and about 1% of people 
suffer from it. Medicinal therapy is the main therapeutic 
manner in epileptic patients. However, approximately 20-
30% of patients suffer from epilepsy that is resistant to 
medicinal therapy (1). In addition, about 50% of epileptic 
patients have variable degrees of cognitive impairments 
that seriously influence the quality of life of patients (2). 
Therefore, there are a lot of efforts to find new therapeutic 
methods to reduce the severity of seizures in these patients. 

Application of deep brain stimulation (DBS) is a 
possible treatment for drug-resistant epileptic patients. 
U.S. food and drug administration (FDA) has approved 
the DBS applying in some brain areas, including anterior 
thalamus and hippocampus, as a new therapy in epileptic 
patients (3). The pattern of DBS, especially its frequency, 
is an important factor in its effectiveness. DBS has been 
applied in a wide range of frequency (from 1-190 Hz) 

in epileptic patients [reviewed in: (4)] and laboratory 
animals (5-10). Applying DBS at low-frequency (named 
low-frequency stimulation; LFS) exerts anticonvulsant 
effects. Interestingly, the neuronal damage induced by 
low-frequency stimulation (LFS) application in the 
epileptic and its surrounding areas is less than the damage 
caused by high-frequency stimulation. Accordingly, LFS 
may be considered as an appropriate choice for epileptic 
patients (11). In addition to its anticonvulsant effect, LFS 
restores the learning and memory impairment following 
seizures (12, 13).

Finding the precise mechanisms of antiepileptic and 
anticonvulsant actions of DBS is required before its 
application as an anticonvulsant method. Different 
mechanisms, such as changes in neuronal excitability and 
gene expression, have been suggested to be involved in 
DBS anticonvulsant effects (14). In addition, recently, 
it has been reported that high-frequency stimulation of 
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thalamus has an anti-inflammatory effect in epileptic 
models (15). The plasma concentrations of IL-1, TNF-α, 
and IL-6, as important inflammatory agents, are increased 
in individuals with temporal lobe epilepsy. These agents 
have also detected from resected brain tissue from people 
with intractable epilepsy (16). In line with the role of 
inflammatory agents in epilepsy, the induction of IL-
1α, TNF-α, and IL-6 has been shown in both neurons 
and glia before epilepsy onset. There is an increase in 
inflammatory cytokines levels (IL-1β, IL-6, and TNF-α) 
in the hippocampus of PTZ-induced kindling (17). 
Inflammatory agents increase in a laboratory model of 
seizure, including PTZ kindling. It has been shown that 
PTZ-induced kindling causes significant neuronal injury 
and expression of the pro-inflammatory TNF-α in the 
cerebral cortex (18). 

It is hypothesized that focal or systemic impaired 
inflammatory processes lead to unusual connectivity in the 
central nervous system and may increase the excitability 
of neuronal networks. Therefore, inflammation can 
mediate the onset of epilepsy (19). Instead, it has been 
reported that the LFS application reduced the seizure-
induced hyperexcitability (20). Considering the fact that, 
PTZ kindling profoundly affects the hippocampus, and 
the hippocampus is a vital structure for the acquisition of 
new memories (21), in the present study we applied LFS 
in the CA1 region of the hippocampus (as an important 
area in generation and propagation of kindled seizures). 
Then we investigated the effect of LFS on inflammatory 
factors and working memory following PTZ kindling in 
rats.    

Materials and Methods
Animals

Male Sprague-Dawley rats (weighed 200-220 g) were 
used in the present experimental study. Animals were 
prepared from the animal house of Shahid Beheshti 
University of Medical Sciences. All experiments and 
research protocols were in accordance with the guidelines 
established by the Animal Care Commission of Shahid 
Beheshti University of Medical Sciences (the ethical 
approval number was: IR.SBMU.MSP.REC.1395.447). 
All efforts performed to reduce the pain and discomfort 
during experiments. Animals were caged in groups of 
four and had free access to food and water. The light-
dark cycle was adjusted for 12-hours (lights from 07:00 
A.M. to 7:00 P.M.), and the temperature was controlled 
in the range of 22-24˚C. The number of animals and their 
distress were kept minimized during the experiments.

Experimental procedure
The animals were divided into intact, sham, LFS, 

kindled (K), and kindled +LFS (KLFS) groups. In the 
kindled group, animals received PTZ until three sequential 
stages 4 or 5 seizures were observed, and these animals 
were considered as fully kindled. A similar protocol was 
performed for the animals in the KLFS group; however, 

after achieving the fully kindled state, animals received 
LFS at four-time points. LFS was applied in LFS group 
animals similar to the KLFS group but did not receive 
kindling stimulation. In the sham group, the animals 
underwent a surgical procedure, without receiving LFS 
or kindling stimulations. The intact group did not undergo 
any surgery, LFS, or kindling stimulations.

Animal surgery
Rats were anesthetized by intraperitoneal injection of 

ketamine and xylazine (100 and 10 mg/kg, respectively) 
before surgery. The animal head was fixed in a stereotaxic 
instrument. A tripolar stimulating/recording electrode was 
implanted into the hippocampal CA1 region of the right 
hemisphere coordinated as follows: 3.2 mm posterior 
and 2 mm to the right from bregma and 2.3 mm below 
dura (22). The electrode consisted of twisted Teflon-
coated stainless steel strands, insulated except at their 
tips, with a diameter of 127 μm (A-M Systems, USA). 
Three miniature stainless steel screws were also fixed on 
the skull to secure the electrode assembly. One screw was 
connected to an insulated stainless steel wire and served 
as a monopolar ground and reference electrode. Implanted 
electrodes were attached to pins of a small plastic multi-
channel socket. The plastic socket was attached to the 
skull with dental acrylic as a head stage.

PTZ kindling procedure
Chemical kindling was induced by intraperitoneal 

injection of a sub-threshold dose of PTZ (34 mg/Kg; 
0.1 ml/100 g) every other day. The convulsive behaviors 
of each animal were observed immediately following 
PTZ injection for 20 minutes when the rat was put in a 
transparent plexiglass box (30×30×30 cm). The Seizure 
intensity was evaluated using a modified Racine scale. In 
stage 0, no response was observed. In stage 1, ear and 
facial twitching occurred. Stage 2 was distinguished by 
convulsive twitching axially through the body. In stage 
3, rats showed myoclonic jerks and rearing. Stage 4 was 
accompanied by wild running and jumping, and finally, in 
stage 5, generalized tonic-clonic seizures were observed 
(23). PTZ was dissolved in sterile isotonic saline as a 
vehicle exactly before the injections. In the sham group, 
animals received the vehicle and were handled similar to 
the animals of the kindled group. All animals weighed 
before each injection. 

Low-frequency stimulation application
LFS was administered at four different time points. 

The 1st LFS was applied at 20 minutes, and the 2nd LFSs 
was applied at 6 hours after the last PTZ injection. The 
3rd and 4th LFSs were applied the next day at the same 
time (i.e., there was a 6-hour interval between third 
and fourth LFSs). Each LFS contained four trains of 
200 square monophasic pulses at 0.1 ms duration and 1 
Hz. LFS trains were applied at 5 minutes intervals. The 
LFS intensity (200 μA)  adjusted according to previous 
experiments (12). Using a PC-based stimulating and 
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recording system (D3111 ScienceBeam instrument Co., 
Iran), LFS parameters were determined. During LFS 
administration, local field potentials were recorded from 
the hippocampal CA1 using a custom-designed software, 
eTrace analysis (version 2 ScienceBeam instrument Co., 
Iran), to confirm the LFS pulses were applied at the site.

Y-maze test
The spatial working memory was assessed by the Y-maze 

test. The apparatus had three arms separated by 120° angles. 
Each arm was made of black Plexiglass (30 cm long × 8 cm 
wide × 15 cm high). There were also different cues outside 
the maze to make different spacial properties for each arm. 
Each animal was randomly placed in an apparatus arms and 
could freely explore the maze for 5 minutes. The consecutive 
entrance of animals (without repetition) into three different 
arms was considered as a spontaneous alternation. The 
spontaneous alternation percentage was measured as the ratio 
of actual (total alternations) to possible (total arm entries -2) 
number of alternations × 100. 

Quantitative real-time polymerase chain reaction

The expression of IL-6 and TNF-α genes was measured 
by quantitative real-time polymerase chain reaction (qRT-
PCR). One week after the last PTZ injection, animals 
were anesthetized with CO2, sacrificed, and their dorsal 
hippocampi were isolated and preserved in RNAlater 
solution at −20˚C. According to the manufacturer’s 
instructions, we used the High Pure RNA Tissue Kit 
(Roche, Basel, Switzerland) to extract total RNA. In the 
presence of random hexamers and RNase inhibitor, 1 
µg of total RNA was transcribed to cDNA using murine 
leukemia virus (MuLV) reverse transcriptase (Fermentas, 
Lithuania). The qRT-PCR analysis was run using 
specific primers for IL-6 and TNF-α genes. GAPDH & 
ribosomal RNA 18s were used as internal controls (Table 
1). Reactions were performed using SYBR® Premix 
Ex Taq™ II (TAKARA BIO INC.) on a Rotor-GeneTM 

6000 real-time PCR machine (Corbett Research, Qiagen, 
Germany). Initial denaturation was performed at 95˚C for 
15 minutes. Then, 40 denaturation cycles were run at 95˚C 
for 5 seconds, under primer specific conditions (Table 
1), and extension at 60˚C for 20 seconds. Comparative 
qRT-PCR quantitation was performed between candidate 
groups using REST 2009 (Relative Expression Software 
Tool, Qiagen). 

Immunofluorescence investigations
Animals were anesthetized with CO2, sacrificed, and 

their brain was removed for Immunofluorescence study at 
one week after the last kindling stimulation. The paraffin 
blocks of the brains were processed and sectioned by 
a Leica semi-motorized rotary microtome (Leica RM 
2145, Germany) with 10 µm thickness. The slides with 
tissue sections were immersed into xylene (3 changes, 
10 minutes each), and were transferred from xylene into 
100% ethanol (3 changes, 10 minutes each). Then, they 
were immersed into 95, 80, and 70% ethanol (1 change, 5 
minutes each). At the next step, slides were immersed in a 
retrieval solution (sodium citrate, pH: 6) jar and autoclaved 
at 95˚C for 20 minutes. Then, they were let cool to room 
temperature for 25-30 minutes and were transferred into 
washing buffer (phosphate buffer solution; PBS). 0.2% 
Triton X-100 was used to make the samples permeabilized. 
Then, samples were blocked with 10% normal goat 
serum for 1 hour. The sections were incubated with 
chicken anti-GFAP primary antibodies (aVeS Co.; USA) 
overnight at 4˚C. After extensive washing with PBS and 
1-hour incubation with an appropriate fluorescent-labeled 
rabbit anti-chicken IgY H & L (Cat No: ab6751; Texas 
Red@) secondary antibody. The prepared samples were 
washed with PBS. Tissue sections were counterstained 
with 4,6-diamidino-2-phenylindole (DAPI) as a nuclear 
dye and were coverslipped, then examined under a 
fluorescence microscope. To quantify the immunostaining 
data, we used the ImageJ software. The mean gray value 
of the desired area was subtracted by the mean gray value 
of the background.

Table 1. Sequences of primers used in real-time polymerase chain reactions

Primer Name 3´-Sequence-5´ Annealing NCBI Accession number

18s rRNA F: GAGAAACGGCTACCACATCC 55˚C × 25 NR_046237.1

R: TTTTTCGTCACTACCTCCCC second

GAPDH F: GAACATCATCCCTGCATCCA 60˚C × 25 NM_017008.4

R: GCCAGTGAGCTTCCCGTTCA second

IL-6 F: TCTCTCCGCAAGAGACTTCCA 55˚C × 25 NM_012589.2

R: ATACTGGTCTGTTGTGGGTGG	 second

TNFα F: ACCACGCTCTTCTGTCTACTG 60˚C × 25 NM_012675.3

R: CTTGGTGGTTTGCTACGAC second

IL-6; interleukin-6, TNF-α; Tumor necrosis factor- alpha, and GAPDH; Glyceraldehyde-3-phosphate dehydrogenase.
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Statistics

Statistical analysis was done using GraphPad Prism 
version 6.01 for Windows (GraphPad Software, Ca, 
USA). Data were averaged and expressed as mean ± 
SEM. The normality of distribution of data was checked 
by the Kolmogorov-Smirnov test, and the p-values were 
calculated for all experimental groups. Obtained results 
showed the normal distribution of data. To evaluate 
the effect of kindling and LFS application on different 
parameters in experimental groups, one-way ANOVA was 
used, followed by Tukey’s post hoc test. The values of 
spontaneous alternation in all groups were also compared 
with a chance level of 50% by using a one-sample t test. 
P-value of less than 0.05 was considered to represent a 
significant difference.

Results

Animals showed fully kindled seizures (i.e., the 
consecutive stage 4 or 5 seizures) after receiving 10.44 ± 
1.04 PTZ injections in kindled and after receiving 11.33 ± 
0.91 PTZ injections in kindled+LFS groups. There was no 
significant difference in the kindling rate between these 
two groups, showing similar neuronal excitability in the 
animals of these two groups. As there was no significant 
difference in intact and sham groups, their data were 
merged and were considered as the control group. In 
addition, previous experiments showed that the applied 
pattern of LFS exerted an anticonvulsant effect in fully 
kindled animals (24, 25).

When the working memory was evaluated in fully 
kindled animals (n=7) at one week after the last PTZ 
injection, there was a significant (P<0.05) reduction in 
their spontaneous alternation compared to the control 
group (n=6, Fig.1A). Applying LFS in fully kindled 
animals restored the working memory impairment. 
There was no significant difference in spontaneous 
alternation between kindled + LFS (n=7) and control 
groups (Fig.1A). Administration of LFS alone (n=5) 
had no effect on working memory. In addition, there 
was not any significant difference in the number of 
total entries among experimental groups in the Y-maze 
test (Fig.1B).  

In the next step, we tried to find the effects of LFS 
on inflammatory mediators. The gene expression of 
both TNF-α and IL-6 increased in the hippocampus 
of kindled animals (n=3; P<0.001). When LFS was 
applied in full kindled animals (kindled + LFS group; 
n=3), there was a lower increase in the expression of 
these genes compared to the kindled group, and there 
was a significant difference between kindled and 
kindled + LFS groups (P<0.001). However, there was 
a significant increase in the gene expression level of 
both TNF-α and IL-6 in kindled + LFS compared to 
control animals (P<0.001; Fig.2). Thus, LFS could 
not completely return the level of gene expression of 

TNF-α and IL-6 toward control situations. Interestingly, 
while LFS reduced TNF-α and IL-6  gene expression 
in kindled animals, applying LFS alone (n= 3) in the 
control group significantly increased the expression of 
these two genes (Fig.2).

Fig.1: Effect of low-frequency stimulation  (LFS) on kindling-induced 
impairment in working memory. A. Spontaneous alternations were 
measured as an index of working memory in rats. Applying LFS in kindled 
animals restored the reduction of spontaneous alternations at one week 
post its application. LFS alone had no significant effect on this parameter. 
B. There was no significant difference in the number of entries between 
experimental groups. *P<0.05 when compared to control group. Data are 
presented as mean ± SEM (Control n=6, LFS n=5, Kindled n=7, Kindled+LFS 
n=6).

To confirm the effect of LFS on seizure-induced 
changes in the inflammatory system, we also compared 
the amount of glial fibrillary acidic protein (GFAP) in 
different experimental groups by immunofluorescence 
method.  Obtained results showed a significant increase 
in the expression of GFAP in the hippocampal CA1 area 
of the kindled animals (n=6; P<0.01). The application 
of LFS in the CA1 region decreased the expression of 
GFAP compared to kindled group (P<0.05). There was 
no significant difference between kindled+LFS (n=4) and 
control (n=5) groups (Fig.3).
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Fig.2: Effect of low-frequency stimulation (LFS) on kindling-induced increment in pro-inflammatory factors. A. Tumor necrosis factor- alpha (TNF-α) and B. 
interleukine -6 (IL-6) were significantly increased in kindled animals. Applying LFS in kindled animals reduced the gene expression of TNF-α and IL-6 at one week 
post its application significantly. LFS alone had also significant effect on these parameters. ***P<0.001 when compared to control group and +++ P<0.001 compared 
with the related group. Data are presented as mean ± SEM (Control n=3, Kindled n=3, KLFS n=3, LFS n=3). mRNA; Messenger ribonucleic acid.

Fig.3: Effect of low-frequency stimulation (LFS) on kindling-induced increment glial fibrillary acidic protein (GFAP). A. Representative immunofluorescence 
images for GFAP (red), nucleus (DAPI, blue), and merged in the hippocampal CA1 subfield. B. Quantification of GFAP signals in different experimental 
groups. GFAP was significantly increased in kindled animals. Applying LFS in kindled animals reduced GFAP expression at one week post its application 
significantly. LFS alone had no significant effect on these parameters. *P<0.05 and **P<0.01 when compared to control group. Data are presented as mean 
± SEM (Control n=5, LFS n=4, Kindled n=6, KLFS n=4).
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Discussion
Obtained results demonstrated that LFS applying in the 

hippocampal CA1 region of full PTZ kindled rats had a 
long-lasting effect and reduced the inflammatory agents 
in the hippocampus at one-week post kindled seizures. It 
was previously shown that the LFS pattern used in the 
present study had an anticonvulsant effect on the kindled 
animals (25, 24).  

There is a strong relationship between epilepsy and 
inflammation, and recently, the anti-inflammatory agents 
are thought to reduce and control the seizure attacks (26), 
although it is not completely clear whether inflammation 
causes epilepsy or is a result of epilepsy. Similar to 
previous reports, our data showed a significant increase in 
inflammatory factors, including IL-6 and TNF-α. During 
seizure development, the production of IL-6 and TNF-α 
is increased significantly (27). The increment of IL-6 
and TNF-α may be involved in the epileptogenesis via 
different mechanisms including exerting a modulatory 
effect on glutamatergic transmission (28), potentiating the 
function of  N-methyl-D-aspartic acid (NMDA) receptors 
via activation of non-receptor tyrosine kinases (29), and 
changing the synaptic transmission through GABAergic 
neurons (30). Therefore, the decrement of inflammatory 
agents may be partly considered as a mechanism of 
the anticonvulsant effect of LFS. Of course, it must be 
considered that the expression levels of IL-6 and TNF-α 
genes were related to both hippocampal neurons and glial 
cells.

In line with the results of the present study, it has been 
reported that the application of deep brain stimulation 
exerts anticonvulsant and anti-inflammatory effects (31). 
However, there are many differences between these 
studies and ours: a. in these studies the researchers used 
high-frequency stimulation (130 Hz at the intensity of 
400 μA) while we used LFS at lower intensity (1 Hz at 
the intensity of 200 μA); b. they stimulated the anterior 
nucleus of thalamus while we stimulated the CA1 region 
of the dorsal hippocampus and c. they measured the 
changes in inflammatory factors while stimulation was 
switched on. However, in the present study, we assessed 
the inflammatory agents at a one-week post-LFS. On the 
other hand, we evaluated the long-lasting effect of LFS 
on the brain inflammatory system. Thus, considering the 
fact that the amount of neuronal damage in response to 
LFS is less than damage resulted from high-frequency 
stimulation (11). LFS may be suggested as a better pattern 
of stimulation in epileptic patients.

Changes in the expression of GFAP also confirmed 
the protective effect of LFS on the inflammatory 
system in kindled animals. GFAP is expressed by 
and is an index of astroglial activation. Epileptic 
seizures lead to an increment in GFAP expression in 
different brain areas, including the hippocampus (32). 
In addition, astrocyte dysfunction contributes to the 
generation or spread of seizure activity. Accordingly, 
astrocytes should be regarded as important targets for 

the new alternative antiepileptic strategies, including 
deep brain stimulation (33). Our present study showed 
that LFS applying in fully kindled animals restored 
the GFAP expression toward its normal values. Of 
course, as we showed the fluorescent intensity and 
not the number of cells (neurons and glia) in the 
immunostaining experiment, the probable changes in 
neuronal numbers in different experimental groups 
may be related to an increase in GFAP expression. 
Therefore, it is better to count the number of cells in 
future experiments.

The increment in the activity of astrocytes, and therefore 
over-expression of GFAP can be observed in many brain 
diseases. In the first step, the activation of astrocytes 
may protect the brain through different mechanisms 
such as repairing the blood-brain barrier, limitation of 
the damaged area, and the release of neurotrophic factors 
(34). However, following their activation, astrogliosis 
has neurotoxic effects and increases the progression 
of the disease, since it exacerbates the inflammatory 
reactions through producing the cytokines and promoting 
the glutamate release (35). These mechanisms may be 
suggested to exacerbate of seizure-induced brain damage. 
Accordingly, reducing the biological activity of astrocytes 
following the LFS application may have a role in the 
long-lasting protective effects of LFS. Of course, it must 
be emphasized that, considering the growing data about 
the impact of the glial cells in the mechanisms of the DBS 
therapies, more studies needed to find the time‐course of 
the brain tissue inflammatory reaction following deep 
brain stimulation (36).

The activation of astrocyte is regulated and be 
controlled by many factors, including IL-6 and TNF-α 
(37). Therefore, the observed increase in IL-6 and TNF-α 
in our study are in line and can be considered as a reason 
for increasing of GFAP expression. On the other hand, 
the inhibitory effect of LFS on GFAP may be due to its 
inhibitory effects on these pre-inflammatory factors, but 
not its direct effect on astrocytes themselves. It must 
be considered that other important cells involved in 
brain inflammation are microglial cells. Therefore, it is 
recommended to measure Iba-1 (as a molecular index of 
neuroglial activities) in future research. 

Considering that the ameliorating effect of LFS is 
applied through different mechanisms, it cannot be 
concluded from the presented results that whether LFS 
directly affects inflammatory responses or it influences 
them indirectly by modulating the neurotransmitter and/
or neuromodulatory systems.

Another finding of the present study was the restoring 
effect of LFS on working memory in kindled animals. 
This finding was in line with our previous study 
in which the application of LFS had an improving 
effect on working memory at 24 hours after the last 
kindling stimulation (12). However, our present 
study confirmed that this improving effect lasts for at 
least one week after the last kindled seizures. Many 
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experimental models of seizures are accompanied by 
cognitive abnormalities. In addition, many epileptic 
patients have also memory impairment (12, 38).

Many factors can be considered as the mechanisms 
involved in these kinds of memory impairments; 
however, one probable reason for these comorbidities 
may be the chronic activation of inflammatory agents. 
Some investigators showed that the increase in cytokines 
and increment of their signaling resulted in memory 
impairment, and there are many reports about the role 
of inflammatory cytokines, such as IL-6 and TNF-α 
in the molecular mechanisms underlying learning and 
memory consolidation (39). Our data showed that LFS’ 
improvement of working memory was accompanied by 
decreasing the inflammation in rat brains. Thus, obtained 
results are in line with the previous studies suggesting 
the seizure-induced inflammatory factors may potentially 
be involved in memory impairment following seizure 
behaviors.  

In our experiments, the animals were chronically 
implanted with the electrodes. Therefore, it may be 
suggested that the inserted electrodes were partly the 
reason for inflammation in the brain of rats. It has been 
shown that the implanted electrodes, used for deep 
brain stimulation, result in glial scars. However, this 
damage is restricted to a very small area in nearby the 
electrodes (40). Therefore, all of the observed changes in 
inflammatory actions in the present study can be related 
to seizure induction. 

Conclusion

Obtained results showed that LFS applying in the 
dorsal hippocampus of kindled animals reduced the 
seizure-dependent inflammatory reactions and restored 
the memory impairment at a long-lasting time (one 
week) post-seizure. This protective effect was observed 
both in the gene expression of pro-inflammatory factors 
and astrocyte activation and in working memory as an 
important cognitive behavior. However, more studies 
need to shed light on the precise mechanisms of LFS, 
finding the best pattern of LFS and the best brain region 
of stimulation. 
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Abstract
Objective: Dysregulation of cholesterol metabolism in the brain is responsible for many lipid storage disorders, including 
Niemann-Pick disease type C (NPC). Here, we have investigated whether cyclodextrin (CD) and apolipoprotein A-I 
(apoA-I) induce the same signal to inhibit cell cholesterol accumulation by focusing on the main proteins involved in 
cholesterol homeostasis in response to CD and apoA-I treatment.

Materials and Methods: In this experimental study, astrocytes were treated with apoA-I or CD and then lysed in RIPA 
buffer. We used Western blot to detect protein levels of 3-hydroxy-3-methyl-glutaryl coenzyme A reductase (HMGCR) 
and ATP-binding cassette transporter A1 (ABCA1). Cell cholesterol content and cholesterol release in the medium were 
also measured.

Results: ApoA-I induced a significant increase in ABCA1 and a mild increase in HMGCR protein level, whereas 
CD caused a significant increase in HMGCR with a significant decrease in ABCA1. Both apoA-I and CD increased 
cholesterol release in the medium. A mild, but not significant increase, in cell cholesterol content was seen by apoA-I; 
however, a significant increase in cell cholesterol was detected when the astrocytes were treated with CD.

Conclusion: CD, like apoA-I, depletes cellular cholesterol. This depletion occurs in a different way from apoA-I that 
is through cholesterol efflux. Depletion of cell cholesterol with CDs led to reduced protein levels of ABCA1 along with 
increased HMGCR and accumulation of cell cholesterol. This suggested that CDs, unlike apoA-I, could impair the 
balance between cholesterol synthesis and release, and interfere with cellular function that depends on ABCA1. 
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Introduction

Beta-cyclodextrin (β-CD) is reported to be effective 
in exit of cholesterol from the plasma membrane (1, 
2); however, relatively few studies have investigated 
its mechanism of action in influencing either in vivo or 
in vitro cholesterol metabolism, especially in diseases 
such as Niemann-Pick disease type C (NPC). A number 
of candidate proteins involved in cholesterol synthesis/
trafficking and efflux have been introduced. In this 
research, we focused on two proteins of this type, ATP-
binding cassette subfamily A member 1 (ABCA1) as 
the main protein for cholesterol efflux and 3-hydroxy-
3-methyl-glutaryl coenzyme A reductase (HMGCR) 
as an important and rate limiting enzyme in cholesterol 
synthesis (3). 

There is increasing evidence that deregulation of 
lipoprotein and/or lipid metabolism is coupled to 
the progression of neurodegenerative diseases like 
Alzheimer’s disease (AD) and NPC (4, 5). Cholesterol 
is a primary lipid that regulates brain cell structure and 

function during the developmental period and adult life 
(4). The blood brain barrier (BBB) separates the brain´s 
cholesterol metabolism from the periphery (6); therefore, 
maintaining the steady-state content of cholesterol in the 
brain is of particular importance for its physiological 
function (4). HMGCR acts as a rate-limiting enzyme in 
cholesterol synthesis and is the primary site of feedback 
regulation in the biosynthesis of cholesterol (7). ABCA1, 
a member of the ATP-binding cassette transporters family, 
is responsible for the majority of cholesterol efflux to 
deliver cholesterol to an acceptor like apolipoprotein A-I 
(apoA-I) for high-density lipoprotein (HDL) generation 
(8). There is abundant evidence that ABCA1-mediated 
cholesterol efflux to apoA-I can occur at the plasma 
membrane (9). Thus, the mentioned enzymes are targets 
of the highly successful blood cholesterol-lowering drugs 
and their inhibition is a rapid mechanism for switching off 
the cholesterol synthesis.

Altered brain lipid metabolism, such as cholesterol, has 
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been implicated in the progression of neurodegenerative 
diseases like NPC and AD (10). Cholesterol reduction 
in experimental animal models delays the progression 
of Alzheimer’s pathology. These findings raise the 
possibility that treating humans with cholesterol lowering 
medications might reduce the risk of developing AD 
(11). In other words, it has been reported that the loss of 
cholesterol shuttling in NPC disease is associated with 
reduced activity of ABCA1, which is responsible for low 
HDL cholesterol levels in NPC patients (12).

ApoA-I, a natural cholesterol lowering agent, is one of the 
main apolipoproteins in the brain. It is an HDL cholesterol 
transporter that prevents brain cholesterol deposition 
and holds neuroprotective properties. Decreased serum 
HDL cholesterol and apoA-I concentration is shown to 
be highly correlated with AD severity (13). In the human 
brain, an association has been found between apoA-I with 
amyloid beta deposits; complexes between apoA-I and 
amyloid beta can be detected in cerebrospinal fluid (CSF) 
from AD patients (14).

Cyclodextrins (CDs), namely synthetic cholesterol 
lowering agents, are a family of cyclic polysaccharide 
compounds widely used to bind cholesterol. The use of 
CDs, in particular β-CDs, is increasing in biomedical 
research because they are able to interact with cell 
membranes and are known to extract cholesterol and other 
lipids from these membranes (15). β-CD is a biologically 
active molecule, and studies have shown that β-CD and its 
derivatives significantly reduce intracellular cholesterol 
levels in NPC mutants (16). CDs may also be useful for 
AD because of intriguing parallels between NPC1 and 
AD, including neurofibrillary tangles and prominent 
lysosome system dysfunction (17). 

β-CD has been reported to play a role in cholesterol exit 
from the plasma membrane (1) but relatively few studies 
have dealt with its mechanism of action to influence in 
vivo or in vitro cholesterol metabolism, especially in 
certain diseases such as NPC (18, 19). There are a number 
of candidate proteins implicated in cholesterol synthesis/
trafficking and efflux. Here we focused on two of them: 
ABCA1, as the main protein of cholesterol efflux, 
and HMGCR as an essential rate-limiting enzyme in 
cholesterol synthesis. In the present study, we used a cell 
culture model to elucidate and compare the mechanism of 
CD-mediated cholesterol depletion with apoA-I mediated 
cholesterol efflux from astrocytes through investigating 
the protein expressions of ABCA1 and HMGCR.  

Materials and Methods
Materials

Beta-cyclodextrin (C4805) and a cholesterol quantitation 
kit (MAK043-1KT) were purchased from Sigma-Aldrich 
(USA). Dulbecco’s Modified Eagle’s Medium (DMEM; 
low glucose) and 0.25% trypsin-EDTA were obtained 
from Bio-Idea (Iran). Mouse anti-ABCA1 monoclonal 
antibody (cat. no. HJ1) was obtained from Invitrogen 
(USA), and rabbit anti-HMGCR monoclonal antibody 

(cat. no.174830) and rabbit anti-GAPDH antibody (Cat. 
no. 181603) were purchased from Abcam (USA). ApoA-I 
was a generous gift from Dr. JI. Ito (Biochemistry Dept., 
Nagoya City University Graduate School of Medical 
Sciences, Nagoya, Japan). Fetal bovine serum bovine 
serum (FBS) and penicillin/streptomycin were purchased 
from Gibco (USA). Hexane and isopropanol were 
obtained from Merck (Germany).

Primary isolation and culture of astrocytes
In this experimental study, 18 mice were housed in a 

temperature-controlled room (24 ± 1˚C) under 12 hours 
light/dark conditions with free access to food and water. 
The mice were fed with a standard commercial chow diet 
and water for a week to stabilize their metabolic condition. 
The animal procedures were in accordance with the 
guidelines for animal care prepared by the Committee on 
Care and Use of Laboratory Animal Resources, National 
Research Council (USA), and approved by the Institute of 
Animal Ethics Committee (IAEC) in Ahvaz Jundishapur 
University of Medical Sciences (AJUMS) for the Purpose 
of Control and Supervision of Experiments on Animals 
(IR.AJUMS.REC.1395.637). Astrocytes were isolated 
from P0 C57BL/6J wild-type mice based on a previously 
described protocol (20). Briefly, after brain dissection 
and removal of the meninges, the minced brain pieces 
were incubated with 0.1% trypsin solution in Dulbecco´s 
phosphate-buffered saline (DPBS) for 3 minutes at 37˚C 
to obtain single cells. The cell suspension was centrifuged 
at 1000 rpm for 1 minute and the cell pellet was cultured 
in DMEM, low glucose + 10% FBS + 1% penicillin/
streptomycin for one week for the primary culture and a 
subsequent  week for the secondary culture (21). 

Experimental design and treatment
Astrocytes were plated at a density of 3×106 in 

DMEM/10% FBS medium, incubated at 37˚C and 5% 
CO2, and allowed to adhere. Astrocytes that were 75% 
confluent were treated with 5 µg/ml apoA-I or 5 µM beta-
cyclodextrin for 24 hours. Vehicle-treated cells were used 
as the control dish.

Immunoblotting
An equal amount of proteins (150 µg protein/lane) in 

the cell lysate were separated by 10% sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred to a polyvinylidene difluoride 
membrane. Bands of HMGCR and ABCA1 were detected 
after overnight immunostaining of the membrane with 
specific primary antibodies against HMGCR (1:5000 
dilution, Abcam) and ABCA1 (1:2000 dilution, Invitrogen), 
followed by a subsequent incubation for 2 hours with the 
corresponding HRP-conjugated anti-IgG (1:4000 dilution, 
Sigma) as secondary antibodies. Rabbit anti-GAPDH 
(1:4000 dilution, Abcam) was used as an internal control for 
equal loading, and immunoreactive proteins were quantified 
with enhanced chemiluminescence (ECL) reagent followed 
by densitometric analysis with ImageJ software.
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Extraction of lipid from astrocytes
To determine the cellular cholesterol content, the 

culture medium was removed and the cells were 
washed with DPBS. Next, the cell plates were dried 
with a dryer. We added 1.5 ml of hexane: isopropanol 
(3:2) solution to each culture plate to extract lipids by 
shaking the samples for 1.5 hours at room temperature. 
Then, the supernatant was transferred to a tube and 
this step was repeated with the same volume of 
hexane: isopropanol (3:2) for another hour. After 
evaporating the organic solvent  in a 40˚C water bath 
under nitrogen gas, the dried lipids were dissolved 
in 200 µl cholesterol assay buffer and vortexed until 
the mixture was homogenized and stored at -20˚C for 
further cholesterol assay.   

Cholesterol assay in cell and conditioned media 
We determined the cholesterol content of the 

astrocytes and conditioned media based on the protocol 
presented in the Sigma cholesterol quantitation kit 
(MAK043-1KT). Briefly, a set of cholesterol standards 
were prepared by diluting 2 µg/µl stock solution of 
standard cholesterol provided with the kit. Reaction 
mixtures were set up according to the kit’s protocol and 
the absorbance of samples was measured at 570 nm. 
All samples and standards were run in triplicate and 
the cholesterol content of the samples was determined 
from a standard curve. 

Statistical analysis
Statistical analysis of this experimental study was 

performed with SPSS (version 18) software. Descriptive 
statistics presented data as mean ± SD and analysis 
of variance (ANOVA) was used to check significant 
differences between groups in the results from Western 
blotting analysis. In all triplicate experiments, significant 
differences were noted at *P≤0.05 and **P≤0.01.

Results
Characterization of astrocytes

In the previous study, astrocytes isolated by the same 
method were characterized immunohistochemically 
with specific anti-glial fibrillary acidic protein (GFAP) 
antibody. The results showed that the cellular population 
contained 95% GFAP-positive cells, which are a marker 
for astrocyte characterization (20, 21). No morphology 
changes were detected before and after treatment (Fig.
S1). (See Supplementary Online Information at www.
celljournal.org).

Effects of apolipoprotein A-I and beta-cyclodextrin 
on protein levels of 3-hydroxy-3-methyl-glutaryl 
coenzyme A reductase 

In order to check the effect of apoA-I and β-CD on 
the protein level of HMGCR, which is the main rate-
limiting enzyme involved in cholesterol synthesis, 

we treated the cultured astrocytes with 5 µg/ml of 
apoA-I or 5 µM of β-CD for 24 hours. Once the cells 
were harvested, cell lysates were subjected to SDS-
PAGE and HMGCR was detected by western blot. As 
indicated in Figure 1, both apoA-I and β-CD increased 
the protein level of HMGCR, which was only 
significant for β-CD treatment with a 51% increase in 
comparison to the control group (Fig.1). 

Fig.1:  Effects of apoA-I and β-CD on HMGCR protein levels in a primary 
culture of astrocytes. Mouse astrocytes were incubated with 5 μg/
ml of apoA-I and 5 μM of β-CD. After 24 hours of incubation, the cells 
were harvested with RIPA buffer. A. Then, 150 μg/lane of cell lysate was 
subjected to SDS-PAGE and western blot analysis against the HMGCR 
antibody. B. The bands were scanned and normalized with β-actin as 
an internal control. Data were analysed with SPSS and represent mean 
± SD of triplicate samples. *P<0.05 indicates statistical significance. 
apoA-I; Apolipoprotein A-I, β-CD; Beta-cyclodextrin, HMGCR; 3-hydroxy-
3-methylglutaryl coenzyme A reductase, and SDS-PAGE; Sodium dodecyl 
sulphatepolyacrylamide gel electrophoresis.

Effect of apolipoprotein A-I and beta-cyclodextrin on 
protein levels of ATP-binding cassette transporter A1

We sought to investigate the effects of β-CD and 
apoA-I on protein level of ABCA1 as the main protein 
involved in cholesterol efflux. Cultured astrocytes 
were treated with 5 µg/ml of apoA-I or 5 µM of 
β-CD for 24 hours. Following cell lysis, the lysates 
were loaded into SDS-PAGE and the protein level of 
ABCA1 was analysed by western blot. We found a 
significant increase in the ABCA1 protein (52%) after 
apoA-I treatment. However, β-CD significantly down 

A

B
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regulated the protein level of ABCA1 compared with 
the control group (Fig.2). 

Fig.2: Effect of apoA-I and β-CD on protein level of ABCA1 in primary 
culture of astrocytes. Mouse astrocytes were incubated with 5 μg/ml of 
apoA-I and 5 μM of β-CD. After 24 hours of incubation, the cells were 
harvested with RIPA buffer and A. 150 μg/lane of cell lysate was subjected
to SDS-PAGE and Western blot analysis against the ABCA1 antibody. B. The
bands were scanned and normalized with β-actin as an internal control. 
Data were analysed with SPSS and represent mean ± SD of the triplicate 
samples. *P<0.05 indicates statistical significance. apoA-I; Apolipoprotein
A-I, β-CD; Beta-cyclodextrin, ABCA1; ATP-binding cassette transporter A1,
SDS-PAGE; Sodium dodecyl sulphate-polyacrylamide gel electrophoresis.

Cholesterol content in the cell and conditioned medium 
To determine the effect of apoA-I and β-CD on 

cholesterol release in conditioned medium and on cellular 
cholesterol content. a quantitative cholesterol kit (Sigma) 
was used following treatment with 5 µg/ml of apoA-I or 
5 µM of β-CD for 24 hours. Cholesterol from both cells 
and media were extracted and further measured based 
on the protocol provided in the Sigma quantitative kit 
for the three experimental groups. Figure 3A shows a 
significant increase of approximately 66% in cholesterol 
level in the conditioned medium when the astrocytes were 
treated with apoA-I. β-CD increased cholesterol release to 
approximately 24%; however, it was still significant.

Our western blot data showed a significant increase 
in HMGCR after the astrocytes were treated with either 
apoA-I or β-CD. We checked to see if the HMGCR 
enhancement caused an abundance of cholesterol by 

assessing the cell cholesterol content in the treated 
astrocytes. Results shown in Figure 3B indicated an 
increase in cell cholesterol level by both apoA-I (about 
15%) and β-CD (about 33%) in astrocytes compared with 
the control group. However, this increase was significant 
for β-CD, but not apoA-I (Fig.3B).

Fig.3: Effect of apoA-I and β-CD on the cell cholesterol content and 
cholesterol release in the media of astrocytes. Astrocyte-isolated newborn 
mice were incubated in the presence or absence of 5 μg/ml of apoA-I and 
5 μM of β-CD. After 24 hours of incubation, A. we measured cholesterol 
release in the media and B.  the cell cholesterol content according to the 
protocol in the Sigma cholesterol quantitation kit. Data were analysed with 
the student’s t-test and represent mean ± SD of triplicate samples. *P<0.05 
and **P<0.01 indicate statistical significance. apoA-I; Apolipoprotein A-I, 
β-CD; Beta-cyclodextrin.

Discussion
Abnormal accumulation of intracellular cholesterol 

results from impaired cholesterol trafficking/efflux 
(22). In healthy cells there are pathways involved 
in cholesterol delivery to the extracellular acceptors 
like apoA-I to provide a balance between cholesterol 
synthesis, trafficking, and efflux. This process regulates 
the cell cholesterol content and is mediated by many 
proteins, including HMGCR and ABCA1 as the two 
pivotal members of cholesterol homeostasis (7, 8). β-CD 
has been reported to be effective in regulating cholesterol 
metabolism (23), but relatively few studies have 
investigated its mechanism of action to influence in vivo 
or in vitro cholesterol metabolism, especially in the brain 
(24). The present study was carried out to investigate 
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the effects of apoA-I, as a natural and well-established 
signal inducer for cell cholesterol homeostasis, and β-CD, 
as a cholesterol-lowering synthetic reagent, on protein 
levels of HMGCR and ABCA1 as a possible regulatory 
mechanism for cellular cholesterol depletion.

Based on many reports, it is worth noting that apoA-I 
signalling activates the entire cholesterol metabolic cycle 
in astrocytes through promotion of cholesterol synthesis/
trafficking, and its subsequent efflux in order to inhibit 
cellular cholesterol accumulation. Here, we first checked 
the apoA-I signalling on protein level of ABCA1, 
HMGCR, and on cell cholesterol content and release. 

Our data showed that the ABCA1 protein level was 
significantly increased. There was a mild increase in 
HMGCR observed in astrocytes treated with apoA-I.  
Consistent with this finding, several studies have shown 
that apoA-I initially interacts with ABCA1 to generate 
HDL through promotion of cholesterol efflux (8). This 
interaction is believed to subsequently contribute to 
an increase in cellular content of ABCA1, suggesting 
the effect of apoA-I on stability of ABCA1 protein 
levels, which is in line with our results. HMGCR, 
along with cell cholesterol content and release were up 
regulated by apoA-I treatment, which suggested that the 
entire cell cholesterol pathway was under the control of 
apoA-I signalling in astrocytes. Astrocytes are the most 
abundant and supporting cells in the central nervous 
system (CNS). They should provide enough cholesterol to 
deliver cholesterol in the form of HDL cholesterol to the 
neurons (25).  These results supported the findings of Ito 
et al. who reported increased synthesis of cholesterol and 
phospholipids in rat astrocytes after apoA-I treatment (26). 

β-CD, like apoA-I, is an acceptor for excess cell 
cholesterol (27); therefore, it is believed to be used as a 
cholesterol-lowering medicine in some neurodegenerative 
disease such as NPC to reduce cell overload cholesterol 
(19). Unlike the apoA-I effect, we observed an increased 
level of HMGCR and a decreased ABCA1 protein level in 
comparison to the control group in astrocytes treated with 
β-CD. In support of our findings, Coisne et al. reported 
a significant decrease of ABCA1 protein level in β-CD-
treated bovine smooth muscle cells (24). Also, compared 
to apoA-I and in agreement with our western blot data, we 
observed a reduction in cholesterol release in conditioned 
media of astrocytes-treated with β-CD. This confirmed 
that ABCA1, which is the main protein responsible for 
cholesterol release, is affected by β-CD treatment. 

In contrast to the report showing that CD treatment 
blocked cholesterol efflux (28), our data demonstrated 
that CD, which is the cholesterol acceptor, significantly 
increased cholesterol secretion in conditioned media. 
β-CD could possibly deplete cholesterol just from plasma 
membrane because at the same time the cell cholesterol 
content is increased. Depletion of cholesterol from 
the plasma membrane may induce a positive feedback 
to increase HMGCR protein expression, and result in 
increased cholesterol synthesis. 

Overall, apoA-I regulates not only cholesterol efflux 
but also intracellular cholesterol trafficking and regulates 
all elements in cholesterol metabolism. However, due 
to the accumulation of cellular cholesterol, CD only 
releases cholesterol from the plasma membrane and does 
not support intracellular cholesterol trafficking. We have 
suggested that this regulation may be due to the decreased 
protein level of ABCA1 after CD treatment.

Since ABCA1 is involved in a variety of cell functions, 
its protein levels are tightly controlled by transcriptional 
and post-translational regulatory pathways (29). The cell 
cholesterol content in particular has a regulatory effect 
on ABCA1 abundance through the post-translational 
regulatory pathways. Although both apoA-I and β-CD 
are cholesterol acceptors that can deplete cell cholesterol 
(30) and increase cholesterol secretion in conditioned 
media, they have a different effect on ABCA1 abundance. 
Our findings suggest that, unlike apoA-I, β-CD lacks 
the ability to stabilize ABCA1, a crucial mediator of 
cholesterol efflux. Thus, it is likely that the action of 
β-CD inhibits ABCA1 signalling pathways, including 
cholesterol efflux, which results in abnormal cholesterol 
accumulation with long-term exposure. (31).

Conclusion
Our study provides new evidence that β-CD, like 

apoA-I, can increase the HMGCR protein. Unlike apoA-I, 
it can reduce ABCA1, which may interfere with many cell 
functions and signalling that originate from ABCA1. Our 
findings are of great importance in the understanding of 
cellular events related to β-CD treatment. Further studies 
are necessary to clarify all unrecognized aspects of using 
CDs in treating neurodegenerative disorders like NPC 
and AD.
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Abstract
Objective: Genomic imprinting is an epigenetic phenomenon that plays a critical role in normal development of embryo. 
Using exogenous hormones during assisted reproductive technology (ART) can change an organism hormonal profile 
and subsequently affect epigenetic events. Ovarian stimulation changes gene expression and epigenetic pattern of
imprinted genes in the organs of mouse fetus.

Materials and Methods: For this experimental study, expression of three imprinted genes H19, Igf2 (Insulin-like growth 
factor 2) and Cdkn1c (Cyclin-dependent kinase inhibitor 1C), which have important roles in development of placenta 
and embryo, and the epigenetic profile of their regulatory region in some tissues of 19-days-old female fetuses, from 
female mice subjected to ovarian stimulation, were evaluated by quantitative reverse-transcription PCR (qRT-PCR) 
and Chromatin immunoprecipitation (ChIP) methods.

Results: H19 gene was significantly lower in heart (P<0.05), liver (P<0.05), lung (P<0.01), placenta (P<0.01) and ovary 
(P<0.01). It was significantly higher in kidney of ovarian stimulation group compared to control fetuses (P<0.05). Igf2 
expression was significantly higher in brain (P<0.05) and kidney (P<0.05), while it was significantly lower in lung of 
experimental group fetuses in comparison with control fetuses (P<0.05). Cdkn1c expression was significantly higher in 
lung (P<0.05). It was significantly decreased in placenta of experimental group fetuses rather than the control fetuses 
(P<0.05). Histone modification data and DNA methylation data were in accordance to the gene expression profiles.

Conclusion: Results showed altered gene expressions in line with changes in epigenetic pattern of their promoters in 
the ovarian stimulation group, compared to normal cycle. 
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  Introduction

During prenatal stages of development, specific parental 
gene or cluster of genes are widely expressed mono-
allelically and termed "imprinted genes" (1). Expression 
of these genes is down-regulated after birth (1). Although 
imprinted genes occupied a small subset of the genome, 
they play critical roles for normal development of 
organisms (1). H19, Igf2 (Insulin-like growth factor 2) as 
well as Cdkn1c (Cyclin-dependent kinase inhibitor 1C) 
are the most frequently studied imprinted genes (2). H19 
gene produces a non-coding RNA as a trans-regulator 
of a group of co-expressed imprinted genes, to control 
fetal and early postnatal growth in mice (3). One of these 
co-expressed imprinted genes is Igf2 gene, which plays 
major role in promoting embryonic/ placental growth 
and development (4). Like Igf2, Cdkn1c is expressed in 
trophoblast cells. It is a cell cycle inhibitor and a negative 
regulator of cell proliferation. It is clear that orchestrated 
regulation of the imprinted genes network promotes and 

guarantees normal embryo development (5).
Imprinted genes mainly are regulated by epigenetic 

mechanisms including DNA methylation, interfering 
RNAs (including miRNA, piRNA, siRNA) and histone 
modification to promote normal development of embryo. 
It has also been shown that some defects in genomic 
imprinting can cause infertility (6, 7).

The major epigenetic process that is recognized to be 
associated with imprinted genes in both gametes and 
developing embryos is DNA methylation (8). It is one 
of the most studied epigenetic mechanisms that can 
affect activity of DNA segment and gene expression 
without changing its sequence. There are three epigenetic 
mechanisms that control gene expression:

1. DNA methylation is a process in which the methyl 
group is added to specific dinucleotide CpG sites in the 
genome. Hypermethylation of these sites in the genome 
leads to gene suppression, while hypomethylation of 
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them can cause gene over-expression. Sites of DNA 
methylation are engaged by various proteins, containing 
methyl-CpG binding domain (MBD) proteins which 
recruit enzymatic machinery to create silent chromatin 
(9). Among them, Methyl CpG binding protein 2 (MeCP2) 
as a DNA methylation "reader" protein specifically 
binds to methylated DNA regions and typically can be 
detected by chromatin immunoprecipitation techniques, 
as an epigenetic marker for DNA methylation (10). 2. 
interfering RNAs (including miRNA, piRNA, siRNA), 
which describes epigenetic and posttranscriptional 
regulation of transposons and genes (7). 3. histone 
modification which describes posttranslational 
modifications altering interaction of the histones with 
DNA and nuclear proteins (11).   

H3K9 (lysine 9 of histone 3) is an important position in 
the genome, as balance between its acetylation (H3K9ac) 
and deacetylation can regulate gene expression. H3K9ac 
and H3K9 trimethylation (H3K9me3) could have 
critical roles in epigenetic regulation of gene expression. 
Acetylation of this position causes opening of chromatin 
and mediating gene transcriptional activity. In contrast, 
its deacetylation (which is usually simultaneous with 
methylation) results in gene transcriptional repression. 
These two situations cause chromatin structure to be 
accessible or inaccessible for transcription. In addition, 
"bivalent marks" of H3K4me3 and H3K27me3(tri-
methylated lysine 4 and 27 on histone H3) are respectively 
activating and repressing histone marks that regulate gene 
expression level (12).

Histone codes like H3K9ac and H3K4me3 cause 
gene up-regulation and others such as H3K9me2 and 
H3K27me3 lead to gene repression (11). Some studies 
have shown a link between transcription of imprinted 
differentially methylated regions and removal insertion of 
histone modifications  (13).

Patients undergo ovarian stimulation through in 
vitro fertilization (IVF) procedures, using high doses 
of exogenous gonadotropins, to enable retrieval of 
multiple oocytes in one cycle and this stimulation may 
affect oogenesis, oocyte/embryo quality and prenatal 
outcomes (14).

In vitro studies showed that ovarian stimulation disrupts 
and delays development of one- or two-cell mouse 
embryos into blastocysts (15, 16). In vivo studies are 
concordant, indicating that ovarian stimulation delays 
embryo development (16, 17). Study of Sato et al. in 
the human and mouse suggest that ovarian stimulation/
superovulation can lead to the production of oocytes 
without correct primary imprint. They demonstrated that 
the results of studies on human are inconsistent with 
mouse studies (18).

Ovarian stimulation is the most important cause of 
multiple pregnancies and consequently low birth weight, 
increased risk of miscarriage, growth retardation and 
preterm delivery (14). 

Finally, ovarian stimulation has been shown to be 
the cause for imprinting defects. For example, over-
expression of gene IGF2 with paternal imprinting in the 
placenta have been correlated with fetal growth restriction 
in humans (14). 

Manipulations in hormonal profile, reproductive system 
and gametes of organism during assisted reproductive 
technology (ART) can affect epigenetic events of 
genome, e.g. genomic imprinting (19). Assessment of the 
relationships between epigenetics, genomic imprinting 
and ART offers new perspectives in the understanding 
of molecular bases of infertility and ART failure. This 
study focuses on understanding expression changes of the 
important developmental imprinted genes (H19, Igf2 and 
Cdkn1c) and the epigenetic situation of their regulatory 
region in a set of tissues from 19-days-old fetuses of mice 
subjected to ovarian stimulation.

Material and Methods
Ovarian stimulation of naval medical research institute 
mice and obtaining embryos

In this experimental study, assessment was performed 
on two groups of 19-days-old fetuses of Naval Medical 
Research Institute (NMRI) mice (Pasteur Institute, Iran). 
In the first group, 16 fetuses were collected from uterus of 
four female mice, subjected to ovarian stimulation before 
gestation. The second group consisted of the 16 fetuses 
obtained from female mice with natural pregnancy, as 
control. Four fetuses were excluded and 12 fetuses were 
included for gene expression assessments in this study. 
Female mice were kept in the animal house of Royan 
Institute (Tehran, Iran) at temperature of 19-23˚C and 
humidity of 40-50%, 12 hours light (6 am- 6 pm) and 12 
hours darkness. For growth and maturation of ovarian 
follicles in 8-weeks-old female mice of the first group, 7.5 
IU PMSG (pregnant mare serum gonadotropin) hormone 
(Folligon; Invert, Belgium) followed 48 hours later by 
7.5 IU of hCG (Human chorionic gonadotropin) hormone 
(Organon, Netherlands) were administered. Female mice 
of the both groups were mated with NMRI male mice (20). 
After formation of vaginal plaque (mating indication) 
females were isolated and sacrificed on the 19th day of 
pregnancy. The fetuses were obtained, and seven different 
tissues of each fetus -including brain, lung, heart, liver, 
kidney, ovary and placenta- were collected. Few parts 
of tissues were preserved in RNA later (Ambion, USA) 
reagent at -70˚C for future RNA isolation and the rest 
of tissues were preserved at -70˚C for later epigenetic 
evaluations (20, 21). This study was approved by the 
Institutional Ethics Committee of Royan Institute (Tehran, 
Iran) on 2nd July 2014 (code: EC/93/1038).

RNA isolation and quantitative reverse-transcription 
PCR

RNA isolation and qRT-PCR quantitative reveres 
transcription PCR (qRT-PCR) were performed on tissues 
using the RNeasy micro kit (Qiagen, USA) according 
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manufacture’s instruction. Quantification of mRNA levels of 
imprinted genes (H19, Igf2 and Cdkn1c) was performed in 
duplicates by qRT-PCR on a StepOnePlus Real-Time PCR 
System (Applied Biosystems Instruments, USA) using SYBR 
Green master mix (Applied Biosystems). Designed primers 
are listed in Table 1. Condition of qRT-PCR amplification 
was 95˚C for 10 minutes, followed by 40 cycles of 95˚C for 
15 seconds and 60˚C for 60 seconds. Gene expression data 
were analyzed using 2-ΔΔCt quantitative method to estimate 
relative fold change values in comparison with Gapdh gene, 
as an endogenous control [mean ± SEM, (20)].

Chromatin immunoprecipitation real time polymerase 
Chain Reaction analysis

Chromatin immunoprecipitated (ChIP) PCR 
experiments were performed, using a histone ChIP kit 
according to manufacturer’s instruction (Diagenode, 
Belgium). Briefly, all tissues were suspended in PBS. 
Then formaldehyde (1% final concentration) was 
added to the samples and then incubated gently on a 
shaking platform for 10 minutes at room temperature. 
In the next step, glycine was added into the samples 
to reach final concentration of 125 mM to quench the 
cross-linking reaction of formaldehyde. After washing 
the samples with PBS, lysis buffer was added and 
sonicated for 10 minutes (30 "on/30" off; Bioruptor 
sonication system, Diagenode) to get soluble sheared 

chromatin. After 5 minutes centrifugation at 14000 g, 
the supernatant was divided into six parts (Each part 
10 µl). One part was used as input control, and the 
other 5 parts were incubated with 1µl of anti-H3K9ac, 
anti-H3K9me2, anti-H3K4me3, anti-H3K27me3 
and anti-MeCP2 antibodies (1µg/µl; Abcam, UK) 
overnight at 4˚C on rotator. Immune complexes were 
washed three times using 100μl ice-cold washing 
buffer and then incubated on a rotating wheel for 4 
minutes at 4˚C. Using a magnetic rack the beads 
were captured and immediately treated with 100μl 
DNA isolation buffer. The recovered DNA from 
immunoprecipitated fractions and total chromatin 
input, were quantified by real-time PCR. Data were 
expressed as fold enrichment of DNA associated with 
different immunoprecipitated histone modifications. 
DNA methylation was expressed as relative to a 1/100 
dilution of input chromatin. Quantitative real-time 
PCR was carried out on a step one plus Real-Time 
PCR System (Applied Biosystems) using SYBR Green 
PCR master mix (Applied Biosystems) and designed 
primers (Table 1). The condition was 95˚C for 10 
minutes; and 40 cycles of 95˚C for 15 seconds, 60˚C 
for 45 seconds. Results were normalized to input DNA 
and expressed as (%) input, which means percentage 
of enriched DNA associated with immunoprecipitated 
chromatin [mean ± SEM, (21)].

Table 1: Primers used in this study

Gene Primer sequence (5´- 3´) Product size (bp) Location

Primers used in qRT-PCR

H19 F: GCAGGAATGTTGAAGGAC                                132 NR-001592

R: CGGGATGAATGTCTGGCTC

Igf2 F: AGTTCTGCTGCTGCTTATTG 168 NM-010514

R: CTACCTGGCTAGTCATTGG

Cdkn1c F: TCCAGCGATACCTTCCCA 148 NM-009876

R: GTCCACCTCCATCCACTG

Gapdh F: GACTTCAACAGCAACTCCCAC 125 NM-001289726

R: TCCACCACCCTGTTGCTGTA

Primers used in ChIP real time PCR

H19 F: AAGGGAACGGATGCTACC 85 Promoter

R: CTGGGATATTGCTGGGAATG

Igf2 F:  GTCACCACTGTATCATTCTGC 152 DMR1

R: TGCTAACACACGCCTATCC

Cdkn1c F: GTTCGCTTGCTCTCAGTC 201 Promoter

R: CATTATGCTAATCGTGAGGAGG
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Statistical analysis
Data analysis was carried out using IBM SPSS Statistics 

for Windows, Version 22.0 (IBM Corp., USA). In this 
study, continuous variables were expressed as mean ± 
SEM (standard error of mean). An independent t test  was 
used to compare control and ovarian stimulation groups. 
All statistical tests were two-tailed and a P<0.05 was 
considered statistically significant.

Results
Alterations of gene expression in ovarian stimulation 
group

Relative mRNA expression levels of H19 gene from 
all tissues except brain showed alteration in the ovarian 
stimulation group, compared to the control. This gene 
expression was decreased in lung (1.48 ± 0.41, 0.23 ± 

0.16; P<0.01), heart (0.91 ± 0.23, 0.25 ± 0.09; P<0.05), 
liver (1.21 ± 0.3, 0.29 ± 0.12; P<0.05), placenta (1.2 ± 
0.21, 0.31 ± 0.13; P<0.01) and ovary (1.11 ± 0.22, 0.12 
± 0.06; P<0.01) in the 19-days-old fetuses of the ovarian 
stimulation group compared to the control fetuses, 
respectively. However, kidney (0.72 ± 0.23, 2.22 ± 1.19) 
showed increased levels of H19 in the experimental 
group, compared to control (P<0.05; Fig.1).

Igf2 gene showed significantly higher levels of 
expression in brain (1.01 ± 0.25, 2.22 ± 0.42; P<0.05) and 
kidney (0.81 ± 0.29, 3.21 ± 0.86; P<0.05). While, it was 
significantly lower expressed in lung (2.59 ± 0.61, 0.91 ± 
0.51) of ovarian stimulation group, than control fetuses 
(P<0.05; Fig.1). 

Cdkn1c showed significant increase in lung (1.33 ± 
0.22, 3.17 ± 0.66; P<0.05) and significant decrease in 
placenta (1.24 ± 0.21, 0.3 ± 0.07; P<0.05; Fig.1).

Fig.1: Relative mRNA expression of A. H19, B. Igf2, and C. Cdkn1c genes in brain, lung, heart, liver, kidney, placenta and ovary of fetuses from ovarian 
stimulation group (12 fetuses)  in comparison with normal cycle fetuses (12 fetuses). Values are expressed as means ± SEM. The letters above the columns 
show significant difference between control and experimental groups. (a; P<0.05, b; P<0.01).

A

B

C
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Histone modification profile of the studied genes in the 
experimental group embryos

Our histone modification analyses, based on the ChIP 
data, were in accordance with the gene expression profile. 
Thus, higher incorporation of H3K9me2 gene repressing 
mark was detected in the H19 promoter region of lung 
(P<0.05), heart (P<0.05) and ovary (P<0.05), while lower 
incorporation of it was detected in brain (P<0.05) and 
kidney (P<0.05) of experimental group fetuses compared 
to the control fetuses. Higher incorporation of H3K27me3 
gene repressing mark was detected in promoter region of 
H19 in lung (P<0.05), heart (P<0.05), placenta (P<0.05) 
and ovary (P<0.05), whilst lower incorporation of it was 
determined in kidney (P<0.05) of ovarian stimulation 
group compared to control. H3K9ac gene activating 
histone mark was significantly higher in promoter region 

of H19 in brain (P<0.05), but it was significantly 
lower in lung (P<0.05), placenta (P<0.05) and ovary 
(P<0.05) of experimental group fetuses, rather than 
controls. H3K4me3 gene activating histone mark was 
significantly higher in promoter region of H19 in brain 
(P<0.05) and kidney (P<0.05) but its expression was 
lower in heart (P<0.05), placenta (P<0.05) and ovary 
(P<0.05) of experimental group fetuses in comparison 
with control fetuses (Fig.2). CHIP analyses for DNA 
methylation showed higher incorporation of gene 
repressing mark of MeCP2, detecting in the promoter 
region of H19 in lung (P<0.05), heart (P<0.05), 
placenta (P<0.001) and ovary (P<0.05). At the same 
time, lower incorporation in brain (P<0.01) and kidney 
(P<0.05) of experimental group fetuses was observed, 
in comparison with control fetuses (Fig.2). 

Fig.2: Incorporation of H3K9ac/me2 and H3K4/27me3 histone modifications and MeCP2 in regulatory region of H19 gene in brain, lung, heart, liver, 
kidney, placenta and ovary tissues of ovarian stimulation fetuses (12 fetuses) versus control group (12 fetuses). Values are expressed as means ± SEM. The 
letters above the columns show significant difference between control and experimental groups. (a; P<0.05, b; P<0.01, c; P<0.001).
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Fig.3: Incorporation of H3K9ac/me2 and H3K4/27me3 histone modifications and MeCP2 in regulatory region of Igf2 gene in brain, lung, heart, liver, kidney, 
placenta and ovary tissues of ovarian stimulation fetuses (12 fetuses) versus control group (12 fetuses). Values are expressed as means ± SEM. The letters 
above the columns show significant difference between control and experimental groups. (a; P<0.05, b; P<0.01, c; P<0.001).

Higher incorporation of H3K9me2 gene repressing 
mark was detected in Igf2 promoter region of lung 
(P<0.05), heart (P<0.05), liver (P<0.05) and ovary 
(P<0.05), while lower incorporation was detected 
in brain (P<0.05) and kidney (P<0.05) of ovarian 
stimulation group, compared to control. Higher 
incorporation of H3K27me3 gene repressing mark was 
detected in promoter region of Igf2 in lung (P<0.05), 
heart (P<0.05), liver (P<0.05), placenta (P<0.05) and 
ovary (P<0.05), but lower incorporation of it in brain 
(P<0.05) and kidney (P<0.05) of ovarian stimulation 
group was detected, in comparison with control. 
H3K9ac gene activating histone mark was significantly 
higher in the Igf2 promoter region of brain (P<0.05) 
and kidney (P<0.05) tissues, but it was significantly 
lower in placenta (P<0.05) and ovary (P<0.05) of the 
experimental group fetuses compared to the control 
fetuses. H3K4me3 gene activating histone mark was 
significantly lower in the Igf2 promoter region of 
lung (P<0.05) and ovary (P<0.05) of the experimental 
group fetuses than control fetuses. Using ChIP 
experiment, DNA methylation studies showed higher 
incorporation of gene repressing mark of MeCP2 

in the Igf2 promoter region of lung (P<0.05), heart 
(P<0.001), liver (P<0.01) and ovary (P<0.01), while 
it was lower incorporated in brain (P<0.01), kidney 
(P<0.001) and placenta (P<0.01) experimental group 
fetuses, compared to control fetuses (Fig.3).

H3K9me2 gene repressing histone mark was 
expressed significantly lower in promoter region of 
Cdkn1c in ovary (P<0.05) experimental group fetuses 
versus the control fetuses. Higher incorporation of 
H3K27me3 gene repressing mark was detected in 
promoter region of Cdkn1c in kidney (P<0.05) and 
placenta (P<0.05), but it was significantly lower in 
ovary (P<0.05) of the experimental group fetuses 
than the control fetuses. Higher incorporation of 
H3K9ac gene activating histone mark was detected 
in the promoter region of Cdkn1c in ovary (p<0.05), 
but it was significantly lower in kidney (P<0.05) and 
placenta (P<0.05) of the experimental group fetuses 
versus the control fetuses. H3K4me3 gene activating 
histone mark was significantly higher in the promoter 
region of Cdkn1c in the ovary (P<0.05) of experimental 
group fetuses compared to the control fetuses. Analysis 
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of DNA methylation, using ChIP assay showed higher 
incorporation of gene repressing mark of MeCP2 in 
the Cdkn1c promoter region of kidney (P<0.01) and 
placenta (P<0.001). However, lower incorporation 
was detected in brain (P<0.001), lung (P<0.001), heart 

(P<0.01) and liver (P<0.05) of experimental group 
fetuses rather than control fetuses (Fig.4).

There was no significant difference between the fetus 
weight of ovarian stimulated and control groups, in our 
study (Table 2).

Fig.4: Incorporation of H3K9ac/me2 and H3K4/27me3 histone modifications and MeCP2 in regulatory region of Cdkn1c gene in brain, lung, heart, liver, 
kidney, placenta and ovary tissues of ovarian stimulation fetuses (12 fetuses) versus control group (12 fetuses). Values are expressed as means ± SEM. The 
letters above the columns show significant difference between control and experimental groups. (a; P<0.05, b; P<0.01, c; P<0.001).

Table 2: Fetal birth weight in ovarian stimulated and natural cycle mice

Ovulation stimulation group fetuses Control group fetuses

Number of fetuses Average weight of each fetus (g) Number of fetuses Average weight of each fetus (g)

79 1.53 ± 0.1 69 1.66 ± 0.07

Discussion
Exogenous gonadotropins, used in ART cycles, could 

have negative effect on gene expression and consequently 
embryo development and growth (14). Both of the animal 
and limited human studies showed high possibility of 

ovarian stimulation responsibility for modifications in 
maternal-affected gene products that are later required for 
imprinting maintenance in developing embryos (18).

Although most ART children do not show any 
abnormality, some studies have suggested the correlation 
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between ART and increased incidences of low birth weight 
and also rare imprinting syndromes, such as Beckwith-
Wiedemann syndrome (BWS), Angelman syndrome (AS) 
and etc. (22, 23).

H19 gene produces a regulatory non-coding micro-
RNA that plays a critical role in regulation of imprinted 
genes network. Previous studies have shown that this 
gene contributes to growth regulation of fetus and 
placenta, which controls expression of Igf2 gene (24). 
Further, H19 plays an important role in the development 
of the pre- and post-natal mice (25, 26). In our study, 
expressions of H19 gene in the lung, heart, liver, placenta 
and ovaries of the experimental fetuses were reduced. Le 
et al. showed some long lasting disturbances in H19/Igf2 
expression and consequently developmental disturbances 
of skeletal muscle and liver in mice conceived by IVF 
(25). So growth defect and weight loss may be a result 
of H19 down-regulation. Mono-allelic expression of H19 
in placenta of mice was seen in Fortier et al. study. They 
demonstrated that may be susceptible to perturbation after 
ovarian stimulation (27). Reversal H19 imprinting in 
human and mouse oocytes upon ovarian stimulation was 
reported by Sato et al. (18).

Our histone modification analyses based on the ChIP 
data was in accordance to the gene expression profile; in 
the way that higher incorporation of gene repressing marks 
of MeCP2, H3K9me2 and H3K27me3 were detected in 
promoter region of H19 in lung, heart and ovary of ovarian 
stimulation group compared to the controls. In placenta, 
only MeCP2 and H3K27me3 were increased, but both of 
the activating marks were decreased. An increasing in the 
both of activating histone marks in the H19 regulatory 
region of brain from the experimental fetuses compared 
to the control fetuses was seen, but H3K9me repressing 
mark was decreased. In kidney H3K4me was increased 
and all repressing marks of this study were decreased in 
accordance to the up-regulation of this gene.

It is important to note that tissues derived from 
trophoblast, unlike ICM (inner cell mass) derived tissues, 
have no control mechanisms through gene expression and 
they are more susceptible to imprinting disorders. There 
are two hypotheses. In the first, environment affects 
more on extra-embryonic cells and this causes loss of 
imprinting in mid-gestation placentas. In the second, loss 
of imprinting may also occur in cells destined to form the 
embryo. Biallelic expression was occasionally observed 
in the embryo, suggesting mechanisms that safeguard 
imprinting might be more robust in the embryo, than the 
placenta. Probably a de novo lineage-restricted wave of 
methylation occurs in ICM, but not in trophectoderm 
lineages (28). This is consistent with the results of our 
study which showed extreme changes in gene expression 
of placenta.

Expression of Igf2 was higher in brain and kidney of 
experimental group, compared to control fetuses. It is in 
accordance to higher levels of H3K9ac and lower levels 
of H3K9me2, H3K27me3 and MeCP2 in promoter of 

this gene from the experimental group fetuses compared 
to the control fetuses. Decreased gene activating mark 
(H3K4me3), in accordance with significant increase of 
repressor marks (H3K9me2, H3K27me3 and MeCP2) 
in promoter of Igf2 from the experimental group versus 
control, can be a reason for down-regulation of this gene 
in lung of the former group. It is expected that such 
expression pattern of Igf2 gene results in developmental 
changes in brain, kidney and lung postpartum. In a study 
by Ye et al., expression of Igf2 in different organs of adult 
mice was investigated (29). Their study showed that 
expression in brain and heart is much higher than kidney 
and liver. However in our study the expression of Igf2 in 
brain, kidney, heart and liver was apparently similar in 
natural cycle fetuses, but higher expression level was seen 
in lung and ovary. It can be due to the examination of the 
mouse fetus instead of adult mice.  

IGF1, IGF2 and their receptors are expressed in the 
fetal lung of humans, rodents and other species (30). 
There are increasing evidences suggesting that the IGF 
system plays a pivotal role in the development and 
differentiation of the fetal lung (31). Our study showed 
decrease in Igf2 levels after ovarian stimulation in lung. 
Data were confirmed by histone modification results. 
Silva et al. showed that deficiency in Igf2 expression 
in mice fetuses leads to delayed growth of lung (32). 
A study of Källén et al. (23) showed higher risk of 
respiratory problems in IVF-conceived babies (8.5% in 
IVF babies, compared to 2.99% among all infants born  
with other ART techniques like Intracytoplasmic sperm 
injection (ICSI), frozen embryos plus IVF babies) (23). 
So, expression of Igf2 in IVF babies with respiratory 
problems may be disturbed. ICSI born babies had less 
respiratory problem than IVF born babies. This could be 
due to the male subfertility in ICSI cases and differences 
in the treated women of these groups. As it was shown 
in our study expression of Igf2 is higher in experimental 
group kidneys, confirmed by MeCP2 decrease in its 
regulatory region and DNA methylation. Igf2 is precisely 
regulated to ensure monoallelic expression in the most of 
tissues (33), emphasizing  the importance of gene dosage. 
Normal development requires accurate expression and 
many disorders can be attributed to an abnormally high 
dose of Igf2 caused by loss of imprinting (34). 

Occurrence of Igf2 overexpression as a result of 
ovarian stimulation could be a reason of why IVF born 
children suffer from urogenital dysfunction and they need 
urogenital operations more than natural born children 
(35).

Some observations have shown that methylation changes 
can be a highly consistent feature of carcinogenesis and 
methylation errors are perhaps common observations 
in cancer (36). Wilms’ tumor, a childhood cancer of the 
kidney, is often associated with defects in the WT1 gene, 
which encodes a transcriptional repressor of Igf2 (37). 
Wilms’ tumor is also associated with mutations in the 
11p15.5 region that affect Igf2 imprinting: altered Igf2 
expression accounts for nearly 50% of all cases of Wilms’ 
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tumor, and Igf2 loss of imprinting is found in the vast 
majority (90%) of pathological cases (38).

Low expression of Cdkn1c in placenta was confirmed 
by high levels of MeCP2 and H3K27me3, in addition to 
low level of H3K9ac in promoter of this gene in ovarian 
stimulation group versus control. The expression of Cdkn1c 
in the lung of experimental group fetuses was higher 
than control group. Presence of histone modifications in 
promoter of Cdkn1c gene in lung showed no significant 
difference between these two groups, however, level of 
MeCP2 in promoter region of Cdkn1c was significantly 
decreased in the experimental group in comparison with 
control group. Equal expression of Cdkn1c in brain and 
liver of these two groups was in line with equal level of 
histone modifications in promoter of this gene. However, 
MeCP2 showed low level in promoter of Cdkn1c from the 
experimental group in comparison with the control group. 

Cdkn1c gene which is involved in development of 
embryo, encodes a protein that is an inhibitor of cyclic-
dependent kinase, cell proliferation and growth. It seems 
that Cdkn1c is a suppressor gene, while disturbance and 
alteration in its expression in human causes Beckwith-
Wiedemann syndrome (39). Previous studies showed that 
expression level of Cdkn1c gene is related to developments 
of  lung and kidney in mouse and human (40). In our study 
increased expression of Cdkn1c, as a growth inhibitor, 
in lung and its coordination with low expression of Igf2 
(which is involved in lung development) may leads to the 
limited growth of lung in the experimental group versus 
the controls.  Our findings showed that expression of 
H19, Igf2 and Cdkn1c were changed in lung and kidney 
following the ovarian stimulation and these changes are 
related to epigenetic alteration. Our findings indicated 
that protective mechanisms of ICM may act poorly in 
the lung and kidney. Additionally, specific mechanisms 
of transcriptional regulation in each tissue are under 
influence of the various environmental factors (35). The 
findings of this study indicated that ovarian stimulation 
strongly affects these mechanisms in these two organs.   

Conclusion
To summarize, the current study showed the impact 

of ovarian stimulation on the expression of genes and 
the epigenetic alterations- even at the end of gestation. 
Occurrence of these long lasting epigenetic changes may 
be a reason of growth and development disturbances, in 
future. Although many researchers believe that the fetus 
is able to eliminate and correct many of the problems 
created during its development, the present study showed 
that some of the problems could remain with fetus until 
birth and they can affect growth of the fetus.
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Abstract
Objective: In vitro maturation (IVM) of human oocytes is used to induce meiosis progression in immature retrieved 
oocytes. Calcium (Ca2+) has a central role in oocyte physiology. Passage through meiosis phase to another phase 
is controlled by increasing intracellular Ca2+. Therefore, the current research was conducted to evaluate the role of 
calcium ionophore (CI) on human oocyte IVM.

Materials and Methods: In this clinical trial study, immature human oocytes were obtained from 216 intracytoplasmic 
sperm injection (ICSI) cycles. After ovarian stimulation, germinal vesicle (GV) stage oocytes were collected and 
categorized into two groups: with and without 10 µM CI treatment. Next, oocyte nuclear maturation was assessed after 
24–28 hours of culture. Real-time reverse transcription polymerase chain reaction (RT-PCR) was used to assess the 
transcript profile of several oocyte maturation-related genes (MAPK3, CCNB1, CDK1, and cyclin D1 [CCND1]) and 
apoptotic-related genes (BCL-2, BAX, and Caspase-3). Oocyte glutathione (GSH) and reactive oxygen species (ROS) 
levels were assessed using Cell Tracker Blue and 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA) fluorescent 
dye staining. Oocyte spindle configuration and chromosome alignment were analysed by immunocytochemistry.
Results: The metaphase II (MII) oocyte rate was higher in CI‐treated oocytes (73.53%) compared to the control 
(67.43%) group, but this difference was not statistically significant (P=0.13). The mRNA expression profile of oocyte 
maturation-related genes (MAPK3, CCNB1, CDK1, and CCND1) (P<0.05) and the anti-apoptotic BCL-2 gene was 
remarkably up-regulated after treatment with CI (P=0.001). The pro-apoptotic BAX and Caspase-3 relative expression 
levels did not change significantly. The CI‐treated oocyte cytoplasm had significantly higher GSH and lower ROS 
(P<0.05). There was no statistically significant difference in meiotic spindle assembly and chromosome alignment 
between CI treatment and the control group oocytes.

Conclusions: The finding of the current study supports the role of CI in meiosis resumption of human oocytes. 
(Registration Number: IRCT20140707018381N4)
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Introduction
In vitro maturation (IVM) of human oocytes is a 

valuable technique in assisted reproductive technology 
(ART). During the IVM procedure, immature oocytes 
are retrieved from small antral follicles and then meiosis 
progression occurs in the laboratory (1).

IVM could be an appropriate alternative in various 
conditions such as patients who have poor ovarian 
response to gonadotropin stimulation, high numbers of 
antral follicles, polycystic ovarian syndrome, egg factor 

problems with only germinal vesicle (GV) oocytes in 
their stimulation cycles, and those who suffer from cancer 
who intend to cryopreserve their oocytes prior to the onset 
of cancer treatment (2). However, the developmental 
potential of oocytes reduces after IVM compared to in 
vivo matured oocytes (2, 3).

The IVM process differs from natural ovulation, in which 
an oocyte resumes meiosis after the luteinizing hormone 
(LH) surge. Therefore, IVM changes the usual timeline of 
cytoplasmic and nuclear maturation processes (2). Many 
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events occur during oocyte maturation, such as cytoplasmic 
reorganization, cytoskeletal dynamics, and meiotic 
resumption, which are essential for regular fertilization and 
embryonic development (1). The preovulatory LH surge 
by the activation of a signaling cascade leads to meiosis 
resumption in the oocyte in vivo (4). 

Oocyte meiotic progression involves protein 
phosphorylation pathways that are regulated via cyclin-
dependent kinases (CDKs) (5). Maturation-promoting factor 
(MPF) consists of two subunits, CDK1 and cyclin B, and is a 
key factor in meiotic resumption (6). MPF activity depends 
on the availability of cyclin B and phosphorylation status 
of CDK1 (7). Mitogen-activated protein kinase (MAPK) 
signalling is involved in the oocyte maturation process (5). In 
human oocytes, MAPK is inactive in the GV stage oocytes, 
reaches its highest activity in the metaphase II (MII) stage, and 
has reduced activity after pronucleus formation (8). MAPK 
signalling regulates MPF activation, and the MAPK inhibitors 
block germinal vesicle breakdown (GVBD) in oocytes (6). 
High cyclic adenosine monophosphate (cAMP) in oocytes 
promote meiotic arrest until ovulation (7). In the somatic 
follicular cells, cAMP synthesis is catalysed from ATP by the 
adenylyl cyclase enzyme and is transferred into the oocyte via 
gap junctions (5). During oocyte meiotic arrest, high levels 
of protein kinase A (PKA), a cAMP cell cycle mediator, 
inhibit the CDK1 subunit of MPF (5, 7). In the in vivo study, 
a preovulatory LH surge starts the meiosis resumption by 
destructing oocyte-somatic cell communication, preventing 
cAMP transfer, and it also activates the MAPK cascade in 
cumulus cells (5). The MAPK signalling cascade, which is 
known as extracellular signal-regulated kinases (ERK1/2) 
elevates phosphodiesterase, a cAMP degrading-endzyme 
activity in the oocyte, and thereby decreases cAMP in the 
oocyte. cAMP-degrading in the oocyte reduces PKA activity 
(7). A decrease in PKA activity leads to dephosphorylation of 
the inhibitory sites of CDK1 and results in MPF activation. 
Activated MPF phosphorylates histones, lamins, and other 
cellular components. Subsequently, meiosis is resumed (9).

Glutathione (γ-glutamyl-cysteinyl glycine, GSH) 
is an intracellular free thiol, which is an essential non-
enzymatic antioxidant within cells. GSH levels in the 
oocyte are an excellent cytoplasmic maturation marker 
after IVM (10). A critical role of GSH, as an antioxidant, 
is defending the oocyte against oxidative injuries through 
decreasing reactive oxygen species (ROS) production in 
mitochondrial metabolism (11). The oxidative damage 
status in oocytes is one of the essential markers to assess 
the health of the oocyte. ROS damage in the oocyte can 
lead to unexpected apoptosis and subsequent arrest in 
embryonic development (12).

Reduction in anti-apoptotic factors, such as BCL-2, 
leads to an elevation in pro-apoptotic factors, including 
BAX. These apoptotic factors cause oocyte apoptosis 
(13). The BAX/BCL-2 ratio regulates a cascade of 
molecular events that determine the cell’s fate (survival or 
apoptosis). Increased BAX/BCL-2 alters mitochondrial 
membrane polarization and results in cytochrome C 
influx from mitochondria into the cytosol, which involves 

inactivation of the initiator (8 and 9) and effector (3, 6, 
and 7) caspases in oocytes (14). The BCL-2 protein kinase 
sites are phosphorylated during the G2 to M transition of 
the cell cycle. Phosphorylation of Thr-56, Thr-74, and 
Ser-87 BCL-2 residues inhibit proteasome function and 
prevent apoptosis. It has been suggested that MAPK and 
MPF have an essential role in this process (15).

Calcium ionophore (CI) is a fat-soluble molecule that 
increases cytosolic calcium (Ca2+) by transferring Ca2+ from 
the plasma membrane to the cytoplasm (16). Ca2+ signaling 
is a key factor in the physiology of oocytes from oogenesis to 
maturation and fertilization. The passage through the meiosis 
phase to another phase is controlled by cell checkpoints, 
which act in many species by increasing intracellular Ca2+ 
levels (17). During fertilization, sperm-induced elevation in 
intracellular Ca2+ is necessary for oocyte activation, which is 
a trigger for transforming an oocyte into an embryo (1). Also, 
Ca2+ changes the activity of specific transcription factors in 
the nucleus, and these factors affect chromatin structure and, 
as a result, gene expression (18).

Previous studies have shown the relationship between 
Ca2+ and GVBD. Increasing Ca2+ during GVBD can 
indicate a correlation between intracellular Ca2+ and 
oocyte maturation in different species of mammals (17). 
Furthermore, it is reported that the duration of Ca2+ 
oscillation increases during oocyte maturation. Oocytes 
with increases levels of cytosolic Ca2+ have higher 
spontaneous parthenogenetic activation (19). 

IVM conditions may influence the oocyte’s developmental 
competence. In general, there is no accepted procedure in 
infertility clinics for the IVM of oocytes. On the other hand, 
IVM, as a clinical approach, should be optimized for the 
future (2). The current study was carried out to clarify the 
role of CI on IVM of human oocytes.

Materials and Methods
Ethics approval for the current randomized clinical 

trial study was given by the Ethics Committee at Shahid 
Beheshti Medical University, Tehran, Iran (IR.SBMU.
MSP.REC.1396.416). Participants gave verbal and 
written consent for study participation. All procedures 
in this research were in accordance with the ethical 
guidelines of responsible institutional and national 
committees that involve human experimentation 
(IRCT20140707018381N4).

Patients
The oocytes were donated for the current study by the 

patients of the Genetics and In Vitro Assisted Reproductive 
(GIVAR) Center at Erfan and Taleghani Hospitals (Tehran, 
Iran) between October, 2017-November, 2018.

A total of 552 GV oocytes from 216 intracytoplasmic 
sperm injection (ICSI) procedures were included in the 
current study. These oocytes were not suitable for the ICSI 
procedure. All women participants were ≤40 years of age 
(mean: 32.13 ± 4.96 years). Cycles diagnosed as male 
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factor infertility (n=135), tubal factor infertility (n=70), 
uterine factor (n=4), and unexplained infertility (n=7) 
were included in the current study. Women who suffered 
from polycystic ovarian syndrome, endometriosis, and 
genetic disorders were excluded from this study.

Ovarian stimulation protocol and oocyte retrieval
Ovarian stimulation was carried out using the long 

protocol. Briefly, gonadotropin-releasing hormone 
(GnRH) agonist (Superfact, Aventis Pharma, Germany) 
was adminstered on day 21 of the menstrual cycle. 
rFSH (Gonal-F, Merck Serono, Germany) was injected 
subcutaneously each day (150–300 IU/day) after the third 
day of menstrual bleeding for a duration of five days. 

For triggering ovulation, intramuscular administration 
of 10000 IU units of human chorionic gonadotropin (hCG) 
(Ovitrelle, Merck Serono Europe; Pregnyl, Organon) was 
performed when one of the follicles reached >18 mm in 
size as viewed by ultrasound. Transvaginal oocyte pick-
up via ultrasound guidance was carried out 36–38 hours 
following the hCG injection.

After oocyte retrieval, the oocytes  were denuded by 
brief exposure to hyaluronidase (LifeGlobal) and frequent 
pipetting. Then, oocytes were evaluated under an inverted 
microscope for nuclear maturation assessment: i. GV 
stage showed a germinal vesicle in the cytoplasm, ii. 
meiosis I (MI) stage did not show any germinal vesicle in 
the ooplasm and first polar body (PB) in the perivitelline 
space, and iii. MII stage showed the presence of the first 
PB in the perivitelline space.

In vitro maturation  	
A total of 552 GV stage oocytes were obtained from 

women who had an adequate number of MII oocytes after 
oocyte retrieval (>80%). Dimethyl sulphoxide (DMSO) 
was used to dissolve the CI A23187 (Sigma Aldrich; 
St. Louis, MO, USA) according to the manufacturer’s 
protocol. Just before IVM, individual oocytes were 
transferred to 50 μL droplets that contained 10 µM CI 
of a stock solution diluted in culture medium (Global R, 
Life Global) for 15 minutes based on an artificial oocyte 
activation protocol (20). Then, the oocytes were washed 
in two, 50 μL droplets of culture medium. In the control 
group, GV oocytes were not exposed to CI. Oocytes from 
the treated and control groups were transferred to 50 μL 
droplets of culture medium (Global R, LifeGlobal) under 
mineral oil (LifeGlobal) and incubated in 6% CO2 air 
atmosphere at 37˚C. After 24-28 hours, oocyte maturation 
was assessed. Oocytes with the first PB (MII stage) were 
used for this study. 

RNA isolation and cDNA synthesis
MAPK3, CDK1, CCNB1, cyclin D1 (CCND1), BCL-

2, BAX, Caspase-3, and β-actin gene expressions were 
assessed using real-time reverse transcription polymerase 
chain reaction (RT-PCR) in the IVM oocytes at the MII 
stage. Reverse transcriptions of samples were carried 

out as explained previously (21). In summary, a total of 
78 oocytes (39 oocytes in each group) were washed in 
phosphate-buffered saline (PBS, Invitrogen Corp.) + 1% 
polyvinyl alcohol (PVA), and pooled into six Eppendorf 
tubes (13 oocytes in each microtube) with 1.5 µL of lysis 
buffer to isolate the RNA from the oocytes. The Eppendorf 
tubes were stored at -80˚C. Next, we added 5 μL nuclease-
free water and 3 µL random hexamer to the Eppendorf 
tubes and placed them in a Bio-Rad thermocycler.

Complementary DNA (cDNA) synthesis was performed 
with 10 mmol/L dNTP, 200 U RT enzyme, 10 U RNase 
inhibitor, and 5× RT buffer in a total reaction volume of 
21 µL for 10 minutes at 25˚C, 15 minutes at 37˚C, 45 
minutes at 42˚C, and 10 minutes at 72˚C followed by 
overnight incubation at 4˚C. 

The investigated genes (MAPK3, CDK1, CCNB1, 
CCND1, BAX, BCL-2, and Caspase-3) and the internal 
control (β-actin) were amplified as follows. We added 1 
μg cDNA, 3 μL nuclease-free water, 5 μL Master Mix 
(Amplicon, Denmark), and 10 nmol specific forward and 
reverse primers (Table1  ) to the PCR Eppendorf tubes 
and processed them for 5 minutes at 94˚C, 30 seconds 
at 94˚C, 30 seconds at 60˚C, and 45 seconds at 72˚C and 
40 extension cycles. The amount of RNA was visualized 
after loading the samples. The amplification products were 
visualized on agarose gel electrophoresis under short UV.

Real-time RT-PCR analysis 
In order to quantify MAPK3, CDK1, CCNB1, CCND1, 

BAX, BCL-2, and Caspase-3 gene expressions, real-
time RT-PCR was performed in 13 μL of reaction buffer 
that contained synthesized cDNA, forward and reverse 
specific primers (1 mmol/L for each gene), and DNA 
Master SYBR Green I mix. The gene amplification 
program included 2 minutes at 95˚C, 5 seconds at 95˚C, 
30 seconds at 60˚C, 10 seconds at 72˚C, and 40 extension 
cycles. The experiment for each sample was carried 
out in three replicates. Relative Expression Software 
Tool (REST, version 2009) was applied to calculate the 
expression of each of the investigated genes.

Glutathione and oxidative stress 

The IVM-MII oocytes were collected from each group 
to determine their intracellular GSH (20 oocytes in each 
group) and ROS (23 oocytes in each group) levels by 
previously described methods (22). Briefly, the GSH and 
ROS content of the oocytes were detected using Cell 
Tracker Blue (CMF2HC; 4-chloromethyl-6, 8-difluoro-
7-hydroxycoumarin; Invitrogen), and H2DCFDA 
(2’,7’-dichlorodihydrofluorescein diacetate; Invitrogen) 
fluorescent dyes. Oocytes were transferred to a 30 µL PBS 
droplet that consisted of 10 µM Cell Tracker Blue, 10 µM 
H2DCFDA, and 1 mg/mL PVA in the dark at 37˚C for 
45 minutes followed by three washes in PBS + 1% PVA. 
The samples’ intracellular GSH and ROS concentrations 
were observed as blue and green fluorescence under 
a fluorescence microscope (Labomed Lx 400; Labo 
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America). The GSH and ROS contents were detected 
by 370 nm and 460 nm ultraviolet filters, respectively. 
Fluorescence images of oocytes were recorded as TIFF 
format graphics files and evaluated by ImageJ software 
(NIH, Bethesda, MD, USA), version 1.41.

Immunocytochemistry

Immunocytologic staining of the spindle structure 
and chromosome arrangement in the IVM-MII oocytes 
(10 oocytes in each group) was carried out using a 
previously described method (23). Briefly, MII stage 
oocytes were treated for about 30 seconds by Tyrode’s 
acidic solution (pH=2.5) at room temperature to remove 
the zona pellucida. Next, 4% paraformaldehyde in PBS 
(pH=7.4) was applied for 30 minutes at 4˚C to fix the 
oocytes. Following three washes in PBS + 0.02% Tween 
20, oocyte membrane permeabilization was induced by 
0.25% Triton X-100 for 60 minutes at room temperature. 
Then, the oocytes were exposed to 4N HCl for 30 minutes 
at room temperature, followed by 0.1 M Tris-HCl for 
neutralization. The oocytes were transferred to a blocking 
solution that contained 2% bovine serum albumin (BSA, 
Sigma Aldrich; St. Louis, MO, USA) + 0.02% Tween 20 in 
PBS for 60 minutes at room temperature. Subsequently, the 
oocytes were placed in mouse monoclonal anti-β-tubulin 
antibody (1/100 dilution, Sigma Aldrich; St. Louis, MO, 

USA) in the blocking solution overnight in a humidified 
chamber at 4˚C. After several washes, meiotic spindle 
staining was carried out following 30 minutes incubation 
at room temperature of the oocytes with conjugated goat 
anti-mouse (IgG) fluorescein isothiocyanate (FITC) at 
1/100 dilution (Sigma Aldrich; St. Louis, MO, USA) in 
the dark. After several washes, the oocytes were placed 
in 10 mg of propidium iodide (PI; Sigma Aldrich; St. 
Louis, MO, USA) for chromatin staining for 20 minutes. 
The samples were individually mounted on microscope 
slides and a coverslip and etched rings were applied to 
prevent the samples from being ruptured by the coverslip. 
The slide was observed under a fluorescent microscope 
(Labomed Lx 400; Labo America) and the chromosomes, 
and spindle configurations were defined as normal 
(aligned chromosomes at the metaphase plate with barrel-
shaped spindles) or abnormal (misaligned chromosomes 
in the metaphase plate with non-barrel-shaped spindles).

Statistical analysis
The t test and chi-square test using SPSS (SPSS, 

Chicago, IL, USA) software (version 16.0) was applied 
to analyse differences between the two groups. Mean ± 
standard deviation (SD) and percentages were used to the 
express data. A p-value <0.05 was considered statistically 
significant.

Table 1: Primer sequences used in real-time RT-PCR

Gene Sequence (5´-3´) Length GC% Tm (˚C)

MAPK3 F: ATTGCCGATCCTGAGCATGACCAC 24 54.2 65

MAPK3 R: CAGATGTCGATGGACTTGGTATAG 24 45.8 58

CDK1 F: GGATGTGCTTATGCAGGATTCC 22 50.00 59.44

CDK1 R: CATGTACTGACCAGGAGGGATAG 23 52.17 59.42

CCNB1 F: GAAGATCAACATGGCAGGCG 20 55.00 59.62

CCNB1 R: GCATTTTGGCCTGCAGTTGT 20 50.00 60.25

CCND1 F:CATGCGGAAGATCGTCGCCACC 22 63.6 66

CCND1 R: CTCCTCCTCGCACTTCTGTTCC 22 59 61.5

BAX F:  GGAGGAAGTCCAATGTCCAG 20 55 59.505

BAX R: GGGTTGTCGCCCTTTTCTAC 20 55 60.856

BCL-2 F: GCTATAACTGGAGAGTGCTGAAG 23 47.8 57.7

BCL-2 R: CATCACTATCTCCCGGTTATCGT 23 47.8 58.5

Caspase-3 F: GACATCTCGGTCTGGTACAGATGTGC 26 53.9 63.5

Caspase-3 R: ‘TTCACCATGGCTCAGAAGCACAC 23 52.2 62.5

β-actin F: AGAGCTACGAGCTGCCTGAC 20 60 64

β-actin R: AGCACTGTGTTGGCGTACAG 20 55 62

RT-PCR; Reverse transcription polymerase chain reaction, GC; Guanine-cytosine, and Tm; Melting temperature.



          Cell J, Vol 23, No 1, April-June (Spring) 2021113

Fazeli et al.

Results

Effects of pre-in vitro maturation CI treatment on 
percentage of in vitro-matured human oocytes after 
24–28 hours

Overall, 216 couples participated in this study (Table 
2). Out of 552 GV oocytes, 390 (70.65%) reached the 
MII stage and 96 (17.39%) arrested in the MI stage. 
There were 50 (9.05%) oocytes that arrested in the 
GV stage and 16 (2.89%) oocytes were degenerated. 
Although the MII oocyte rate was higher in CI‐

treated oocytes (73.53%) compared to the control 
group (67.43%), this difference was not statistically 
significant (P=0.13). The GV arrested oocyte rate (CI‐
treated oocytes: 8.24% and control: 9.96%, P=0.06), 
oocyte degeneration rates (CI‐treated oocytes: 2.40% 
and control: 3.44%, P=0.46), and arrested MI oocyte 
rates (CI‐treated oocytes: 15.80% and control: 19.15%, 
P=0.87) after IVM was not statistically significant 
between CI‐treated oocytes and the control group 
(Table 3). This finding suggested that CI treatment 
significantly affected the first PB extrusion in human 
oocytes. 

Table 2: Baseline characteristics of the study population

Variables Group

Control CI-treated

n(%) or mean ± SD (range) n(%) or mean ± SD (range)

Number of cycles 112 104

Female age (Y) 32.63 ± 4.84 (20–40) 31.61 ± 5.07 (21-40)

Cause of infertility

Male factor 68 (60.71) 67 (64.42)

Tubal factor 38 (33.92) 32 (30.76)

Uterine factor 1 (0.89) 3 (2.88)

Unexplained 5 (4.46) 2 (1.92)

Number of total retrieved oocytes 12.17 ± 6.85 (2–29) 13.06 ± 7.10 (1-29)

 GV retrieved oocytes 2.13 ± 1.38 (1–7) 2.67 ± 2.13 (1-12)

  Degenerated retrieved oocytes 0.64 ± 1.31 (0-6) 0.62 ± 1.04 (0-6)

MI retrieved oocytes 0.90 ± 1.36 (0-6) 1.29 ± 1.66 (0-6)

MII retrieved oocytes 8.83 ± 6.28 (0-28) 9.42 ± 5.98 (0-27)

The t test was applied for statistical analysis. There was no statistically significant difference in any parameter between the CI-treated and control groups. 
CI; Calcium ionophore, Ns; Not significant, GV; Germinal vesicle, MI; Metaphase I, MII; Metaphase II, and SD; Standard deviation.

Table 3: Meiotic maturation of human oocytes after 24-28 hours of culture

Group No. of GV cultured GV arrest Degenerated MI MII 

N (mean ± SD) N (mean ± SD) N (mean ± SD) N (mean ± SD) N (mean ± SD)

CI‐treated oocytes 291 (2.82 ± 2.34) 24 (0.23 ± 0.52) 7 (0.06 ± 0.32) 46 (0.44 ± 0.76) 214 (2.07 ± 1.71)

Control 261 (2.33 ± 1.52) 26 (0.23 ± 0.46) 9 (0.08 ± 0.35) 50 (0.44 ± 0.88) 176 (1.57 ± 1.27)

The t test was applied for statistical analysis. There was no significant difference in the meiotic maturation rate between the two groups. CI; Calcium 
ionophore, GV; Germinal vesicle, MI; Metaphase I, MII; Metaphase II, and SD; Standard deviation.



          Cell J, Vol 23, No 1, April-June (Spring) 2021 114

Calcium Ionophore and Oocyte Meiosis Resumption

Effects of pre in vitro maturation calcium ionophore 
treatment on nuclear maturation and apoptosis-
related gene expression levels of in vitro-matured 
human oocytes	

In the present study, the transcript profiles of several 
oocyte maturation-related genes (MAPK3, CCNB1, 
CDK1, and CCND1) were evaluated by real-time RT-
PCR. The results showed that MAPK3, CCNB1, CDK1, 
and CCND1 mRNA expression levels compared with 
the housekeeping gene (β-actin) were up-regulated 
significantly in CI-treated oocytes (P<0.05; Fig.1). These 
findings led to the hypothesis that exposure of CI to human 
oocytes resulted in an apparent up-regulation in MAPK3, 
CCNB1, CDK1, and CCND1 mRNA expressions.

A molecular mechanism that modulates human oocyte 
apoptosis might be induced by CI treatment. Therefore, 
we evaluated the BCL-2, BAX, and Caspase-3 relative 
expression levels by real-time RT-PCR. The results of 
real-time RT-PCR demonstrated that the expression 
of anti-apoptotic BCL-2 was remarkably up-regulated 
after treatment with CI (P=0.001; Fig.1), whereas 
the expression of pro-apoptotic BAX did not change 
significantly (P=0.76). Thus, the BAX/BCL-2 ratio 
decreased (13.60%). Also, real-time RT-PCR revealed 
that the expression level of Caspase-3 mRNA did not 
change significantly in human oocytes after exposure 
to CI (P=0.81; Fig.1).

Fig.1: Nuclear maturation and apoptosis-related gene mRNA expressions 
of human oocytes. The relative expression levels of mitogen-activated 
protein kinase 3 (MAPK3), CCNB1, CDK1, and cyclin D1 (CCND1) were 
significantly higher and BCL-2 was significantly lower in calcium ionophore 
(CI)-treated human in vitro maturation-meiosis II (IVM-MII) oocytes 
(*P<0.05, **P<0.001).

Effects of pre-in vitro maturation calcium ionophore 
treatment on glutathione and oxidative stress of in 
vitro-matured human oocytes

The human oocyte GSH content was evaluated in the CI 
treatment and control groups. Analyses with ImageJ software 
indicated that CI treatment induced a statistically remarkable 
increase in oocyte intracellular GSH concentration (P=0.005, 
Fig.2A, B). A comparison of the intracellular ROS content 

of human oocytes (23 oocytes in each group) revealed 
significantly diminished ROS content in CI‐treated oocytes 
compared with the control group (P=0.04; Fig.2C, D).

Fig.2: Glutathione (GSH) and reactive oxygen species (ROS) content in human 
in vitro maturation-meiosis II (IVM-MII) oocytes evaluated by fluorescent 
staining. A. Oocytes were stained with Cell Tracker Blue to assess the level of 
intracellular GSH and B. 2-7-dichlorodihydrofluorescein diacetate (H2DCFDA) 
to determine ROS (bar: 100 μm). C. GSH and D. ROS content in calcium 
ionophore (CI)-treated human oocyte and control groups. The data were 
analysed using the t test. As the graph depicts, CI‐treated oocyte cytoplasm 
had significantly higher GSH and lower ROS content (**P<0.01, *P<0.05).

A

B

D

C



          Cell J, Vol 23, No 1, April-June (Spring) 2021115

Fazeli et al.

Fig.3: Meiotic spindle configuration and chromosome alignment in human in vitro maturation-meiosis II (IVM-MII) oocytes evaluated using 
immunocytochemistry. IVM-MII oocytes in calcium ionophore (CI)-treated human oocyte and control groups were fixed and stained for β-tubulin (green) 
and chromosomes (propidium iodide [PI], red), and analysed for meiotic spindle configuration and chromosome alignment. Meiotic spindles were 
classified as A. Normal with aligned chromosomes at the metaphase plate with barrel-shaped spindles and B. Abnormal with misaligned chromosomes in 
the metaphase plate with non-barrel-shaped spindles (bar: 50 μm).

Effects of pre-in vitro maturation (pre-IVM) calcium 
ionophore (CI) treatment on chromosome alignment 
and meiotic spindle structure of in vitro-matured 
human oocytes

In order to find out whether the CI treatment could affect 
chromosome and spindle structure in human oocytes after 
IVM, we stained IVM-MII oocytes for β-tubulin to assess 
spindle configuration and PI to detect chromosomes. A total 
of 20 oocytes (10 oocytes in each group) were examined 
for meiotic spindle structure and chromosome alignment. 
Following the evaluation of β-tubulin positive spindles by 
fluorescent microscopy, one abnormal chromosome and 
spindle structure were observed in each group. There was 
no significant difference in normal spindle configuration 
and chromosome alignment rate (normal oocytes/
examined oocytes) between the CI‐treated group (90%) 
and control group (90%, Fig.3). This result showed that 
meiotic spindle bipolarity and chromosome alignment of 
human IVM-MII oocytes was not significantly affected 
by CI treatment.

Discussion
Due to the absence of ovarian niches, human oocyte 

maturation following IVM is suboptimal. Some studies 
have reported morphological and structural differences 
after IVM of human oocytes in comparison with in vivo 
oocytes (2, 3).

Although in previous animal and human studies the 

influence of Ca2+ on oocyte maturation has been identified, 
its central role in human IVM as a mediator of MAPK, 
MPF, and apoptosis signalling cascade has not been 
proven. 

In this study, in order to demonstrate the effect of CI 
in oocyte maturation, we used CI before oocyte meiosis 
resumption during 24-28 hours of IVM. The results 
showed beneficial effects of CI on increasing nuclear 
maturation and anti-apoptotic gene expressions and 
cytoplasmic maturation. 

The effects of CI on human artificial oocyte activation 
have been shown before (20, 24). To our knowledge, this 
study is the first to identify the effects of CI on IVM of 
the human oocyte.

Promotive effects of CI on the IVM of human oocyte 
can be through several pathways.

The results of the present study demonstrated that 
CI up-regulates MAPK, Cyclin B, and CDK1 gene 
expressions. These findings support the report of Liu 
et al., which stated that the cortical distribution of the 
calcium-sensing receptor regulated by gonadotropins 
in porcine oocytes improved oocyte IVM through the 
MAPK-dependent signalling cascade (25). The current 
study demonstrated that CI up-regulated MAPK, which 
then improved human oocyte maturation. This process 
might occur via the MAPK-related pathway. Protein 
kinase C (PKC) is the Ca2+ target downstream molecule 

A

B
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(26). Cell cycle regulation by PKC cascades is involved in 
the activation of MAPK and MPF. CDK1 and cyclin B1 
are PKC substrates. PKC inhibitor decreases MPF activity 
in the oocyte and PKC regulates MAPK signalling (6). 
It has been shown that MAPK is activated in cumulus 
cells by PKC activators (4). The present study findings 
contradict a previous observation by Ito et al. in which 
porcine oocytes were parthenogenetically activated by 
CI. They reported that MAPK activity decreased after 
pronucleus formation (27). It should be considered while 
we evaluated the MAPK levels in MII stage oocytes; the 
latter study reported the MAPK levels decreased after 
fertilization. Zhang et al. reported that MAPK levels 
increased during oocyte maturation until the MII stage, 
but the levels decreased after fertilization (28).

The CCNB1 expression level in the oocyte is a 
marker for cytoplasmic maturation (25). Liang et al. 
showed that stored mRNA of CCNB1 in the cytoplasm 
of the oocyte could influence MAPK and the MPF 
pathway (29). These results indicated that CI could 
increase cytoplasmic maturation in IVM-MII oocytes 
by enhancement of MAPK activity. The finding of the 
present study supported their views. 

The relative expression level of CCND1, a cell cycle 
regulator gene, is a proliferative marker. Increasing 
expression of CCND1 has been reported during meiosis 
progression in mouse oocytes (31). In mammalian 
oocytes, CCND1 was expressed both in the oocyte and 
granulosa cells during follicular growth (30) and has a 
crucial role in follicles and granulosa cell proliferation, 
survival, and early embryonic transition (30). Gatius 
et al. (32) showed that MAPK signalling promotes cell 
proliferation by activation of CCND1. Up-regulation 
of MAPK in the present study might be the result of the 
activation of CCND1.

In general, oxidative stress induced by overloading of 
Ca2+ is an apoptotic signal that can increase BAX/BCL-2 
and increase apoptosis in the oocyte (14). The findings 
of the present study show that CI could upregulate anti-
apoptotic BCL-2. It does not up-regulate pro-apoptotic 
BAX and effector Caspase-3 gene expression in IVM-MII 
human oocytes. In agreement with our findings, several 
studies have shown that decreased levels of MAPK and 
MPF in oocytes also lead to increased BCL-2 protein 
degradation and activation of the apoptotic pathway 
in mice (15), rat (13), and canine (33) oocytes. Also, it 
has been reported that inhibition of CDK1 activity by 
reducing the MPF heterodimer prevents meiotic cell cycle 
progression and induces apoptosis (13, 15). Decreased 
CDK1 phosphorylation as well as increased degradation 
of cyclin B1 lead to MPF instability and result in fas 
ligand-induced apoptosis in oocytes (14). Thus, the 
increased expression levels of MAPK and MPF genes in 
our study might be responsible for an increased survival-
promoting signalling in IVM-MII oocytes. Tripathi and 
Chaube added different concentrations of CI (0.5, 1, 2, 3, 
4 μM) to rat MII oocyte culture medium for 3 hours and 

showed that high concentrations (3 and 4 μM) of CI led to 
increased ROS production and apoptosis in oocytes (34). 
Moreover, Chaube et al. reported that the addition of CI 
(1.6 μM) to the culture medium of rat MII stage oocytes 
for 3 hours induced hydrogen peroxide formation and 
apoptosis in these oocytes (35). In both of these studies, 
the oocyte developmental stage, CI concentrations, and 
exposure duration were not similar to our work.

In the current study, we observed higher GSH and 
lowered ROS content in CI‐treated oocyte cytoplasm. 
Intracellular GSH concentration is an oocyte cytoplasmic 
maturation marker. Increasing GSH synthesis in oocytes 
starts from meiosis resumption in the GVBD stage and 
reaches its highest concentration at the MII stage (19). 
GSH regulates many processes in the oocyte, including 
modulating the intracellular redox balance, defending 
oocytes from ROS damage, influencing sperm nuclear 
decondensation, and male pronucleus formation, DNA 
synthesis, and amino acid and protein transport (11). 
BCL-2 prevents the intrinsic apoptotic pathway in 
mitochondria. Besides its anti-apoptotic function, BCL-
2 has an antioxidant-like property that has been related 
to the regulation of the intracellular concentration of GSH. 
Previous studies have reported that increased BCL-
2 expression causes an increase in intracellular GSH 
content by enhanced GSH synthesis and reduced cellular 
GSH efflux (36). In our research, overexpression of BCL-
2 induced by CI treatment might be the reason for the 
increase in GSH content and, subsequently, reduced ROS 
status in oocytes after IVM.

In the present study, we showed that CI did not disturb 
the meiotic spindle structure and chromosome alignment. 
Abnormal spindle assembly and chromosome segregation 
cause aneuploidy in oocytes, which leads to the embryo 
development arrest and spontaneous abortion (37). Our 
finding might be due to the MAPK and MPF pathway that 
has a significant role in the remodeling of actin filaments 
and microtubule organization (4, 25). In agreement with 
our findings, Luo et al. (38) showed that inhibition of the 
activation of MAPK during porcine oocyte maturation 
resulted in prevention spindle microtubules assembly and 
first PB extrusion. Choi et al. (39) reported that increased 
oxidative stress and a decreased intracellular concentration 
of GSH led to the spindle structure defect in IVM mouse 
oocytes. Nevertheless, the normal spindle morphology 
was reported in IVM-MII macaque oocytes, which GSH 
ethyl ester was added to the IVM culture medium (10). 
Considering the protective effect of GSH on the meiotic 
spindle structure and cytoplasmic microtubules, CI might 
prevent the meiotic spindle disruption and chromosome 
misalignment in IVM-MII human oocytes through 
increased levels of the intracellular GSH level.

We did not find any effect of CI on the first PB extrusion 
in human oocytes. In contrast to our finding, Makki et al. 
(40) reported that addition of 15 μg/ml selenium, 10 μg/
ml calcium, and 5 μg/ml CI to the IVM medium for 24 
hours improved IVM and fertilization of oocytes, and 
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the embryo cleavage rate. The differences between the 
findings of this study and our work might be due to the 
various times of exposure and compounds which were 
added to the culture medium.

In the current study, we showed that CI could improve 
oocyte cytoplasmic and nuclear maturation during IVM 
of human oocytes, but it could not alter the extrusion of 
the first PB of the oocytes. It should be mentioned that we 
evaluated the expression of genes related to maturation in 
oocytes at the RNA level, whereas the first PB extrusion 
was regulated when these RNAs were translated into 
protein. Hence, it seemed that the prolonged in vitro 
culture of the oocyte might lead to the conversion of 
maturation related RNA genes to proteins and improve 
the first PB extrusion of the oocytes. Therefore, further 
clarification of the impact of the CI on maturation related 
proteins is required.

Conclusion
The finding of the current study seems to supports the 

beneficial effect of CI on the developmental competence 
of human oocytes, including nuclear and cytoplasmic 
maturation, and apoptosis of human oocytes. We suggest 
that the CI may optimize the human IVM procedure in the 
ART clinic.
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Abstract
Objective: Multiple sclerosis (MS) is a demyelinating disease of the central nervous system. The autoimmune 
pathology and long-term inflammation lead to substantial demyelination. These events lead to a substantial loss of 
oligodendrocytes (OLs), which in a longer period, results in axonal loss and long-term disabilities. Neural cells protection 
approaches decelerate or inhibit the disease progress to avoid further disability. Previous studies showed that metformin 
has beneficial effects against neurodegenerative conditions. In this study, we examined possible protective effects of 
metformin on toxin-induced myelin destruction in adult mice brains.

Materials and Methods: In this experimental study, lysophosphatidylcholine (LPC) was used to induce demyelination 
in mice optic chiasm. We examined the extent of demyelination at different time points post LPC injection using myelin 
staining and evaluated the severity of inflammation. Functional state of optic pathway was evaluated by visual evoked 
potential (VEP) recording. 

Results: Metformin attenuated LPC-induced demyelination (P<0.05) and inflammation (P<0.05) and protected against 
significant decrease (P<0.05) in functional conductivity of optic tract. These data indicated that metformin administration 
attenuates the myelin degeneration following LPC injection which led to functional enhancement. 

Conclusion: Our findings suggest metformin for combination therapy for patients suffering from the myelin degenerative 
diseases, especially multiple sclerosis; however, additional mechanistic studies are required. 
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Introduction
Multiple sclerosis (MS) is a chronic neuroinflammatory 

disorder affecting myelin sheaths and axons. This 
disease is described as a remarkable damage to 
oligodendrocytes (OLs) and myelin destruction (1). 
The autoimmune invasion and prolonged inflammation 
leads to a substantial elimination of myelin. These events 
cause a substantial loss of OLs and their precursors, 
which in a longer period, results in axonal loss. The 
long-term disability seen in MS is mainly because of 
damages to the axons, which are the consequence of 
the inflammatory attack and deterioration of the axon 
that remained demyelinated (2). Although the exact 
cause(s) of the disease is still unclear, both genetic and 
environmental factors appear to be involved (3). As yet, 
therapeutic approaches control the disease and limit 
the recurrence of autoimmune incursion but chronic 
inflammation remains; therefore, neuroprotection is 
being accepted as a therapy that may serve to decelerate 
or inhibit the disease progression to avoid higher levels 
of disability (4). 

Metformin is a member of biguanide drugs and 
a widely prescribed medication in the treatment of 
diabetes mellitus (5). A long history of effectiveness 
and safety has made this small molecule the most 
frequently prescribed medication worldwide. In 
addition to its antidiabetic effects, metformin has been 
demonstrated to be a therapeutically efficient candidate 
in several central nervous system (CNS) disorders. 
A previous study demonstrated the neuroprotective 
effects of metformin in an Alzheimer’s disease model 
(6). Moreover, the protective effects of metformin on 
neural cells against apoptosis was also reported (7). 
Beneficial effects of metformin in neuroinflammatory 
diseases (8), brain damage models including spinal 
cord injury (9) ischemia/reperfusion injury (10), 
Huntington’s (11) and Parkinson’s disease (12) were 
also reported. There are several studies demonstrating 
the ability of metformin to hinder the inflammation 
process in various diseases such as encephalomyelitis, 
peritonitis-induced sepsis, rheumatoid arthritis, 
endotoxin-induced uveitis, etc. (13-15). It was proposed 
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that this compound regulates the T helper 1 cells (Th1), 
Th17, regulatory T cells (Treg) lymphocytes function; 
such regulatory activity plays a substantial role in its 
protective effect (16, 17).  Metformin’s antioxidant 
(18) and anti-inflammatory (19) properties alongside 
the capacity to repair endothelial dysfunction (20) 
make this medication suitable for MS therapy. 
Although the mechanism of action of metformin has 
not yet been fully determined, but previous works 
showed that metformin-induced activation of AMP-
activated protein kinase (AMPK) pathway is a crucial 
mechanism that triggers the downstream events (21).  
These pieces of evidence strengthen the idea that 
metformin may have protective effects on myelin 
degeneration in animal models of MS. The aim of this 
study was to examine the protective effect of metformin 
in a lysophosphatidylcholine (LPC) -induced mouse 
model of optic nerve demyelination.

Material and Methods
Animals

For this experimental study, 8 to 10-week-old (20-25 g) 
C57BL/6 male mice were provided by Pasteur Institute 
(Iran) and housed in plastic cages in groups of four with 
free access to water and pellet diet; animals were kept at 
constant temperature (25 ± 2˚C) with 12 hour light/12 
hour dark periods.

All animal experiments were conducted in accordance 
with international guidelines and approved by The 
Committee for Ethics in Research, Tarbiat Modares 
University (IR.TMU.REC.1394.189). All efforts were 
made to minimize the number of animals used and their 
suffering.

Induction of demyelination 

For the surgery, the animals were deeply anesthetized 
by ketamine [70 mg/kg, intraperitoneal (i.p.); Alfasan, 
Holland] and xylazine (10 mg/kg, i.p., Alfasan, Holland). 
Optic chiasm demyelination was performed as mentioned 
in our previous reports (22) by injecting 1 µl of 1 % LPC 
(Sigma, St. Louis, USA) dissolved in 0.9% NaCl into 
the optic chiasm on a stereotaxic apparatus (Fig.1A). 
The skulls were situated in the stereotaxic apparatus 
(Stoelting, USA). The coordinates of the injection 
location were as follows: Anterior: -0.25 mm to the 
Bregma, lateral: 0, and ventral: 4.9 mm from the Dura 
(23). LPC was injected into the optic chiasm during 
5 minutes. The needle was kept in site for another 5 
minutes to avoid reflux through the needle track and 
was then removed.

Intervention	

Metformin (Merck, Germany) was dissolved in distilled 
water and daily injected i.p. to the animals. The injection 
dose of metformin (200 mg/kg) was chosen based on a 

previous report that showed its effect in a neurodegenerative 
condition (24). Mice were put into 3 separate groups: i. 
Control group: animals which received saline, ii. LPC: 
animals which received local LPC and saline as treatment, 
and iii. LPC + Met.: animals which received local LPC and 
metformin for up to 7 days post-lesion (dpi); these groups 
included subgroups which were sacrificed on days 3 or 7 
dpi for immunohistofluorescent studies. 

Histological analysis

Mice were anesthetized by ketamine and perfused 
transcardially using phosphate-buffered saline (PBS) and 
4% formaldehyde. The brains were harvested and then, 
4% buffered formaldehyde was used for post-fixation. 
The brains were placed in 15% sucrose for one day, and 
then, transferred to 30% sucrose solution. The brains 
were molded in optimum cutting temperature (OCT, Bio-
Optica, Italy) compound, then, sectioned by a cryostat 
apparatus (Histo-Line Laboratories, Italy). Coronal 
sections of 7 μm thickness containing the optic chiasm, 
were prepared (23).

For Hematoxylin and Eosin (H&E) staining, the 
frozen sections were rehydrated in water, immersed 
in Harris’ Hematoxylin (Bio-Optica, Italy) dye for 4 
minutes. The tissues were washed for 3 minutes with 
tap water, then, placed in acid alcohol and washed 
again. Eosin staining was performed for 1-2 minutes. 
The sections were dehydrated by 70, 95 and 100% 
alcohol concentrations, immersed in xylene and cover-
slipped by Entellan (Merck Chemicals, Germany). One 
slide containing 8 sections prepared along the chiasm 
was stained for each animal. Each group included 3 
animals and was evaluated and scored for the severity 
of inflammation by a pathologist who was blind to 
the experimental groups. The scores were as follows: 
0: no inflammation, 1: a few inflammatory cells, 2: 
perivascular infiltration, and 3: increased severity of 
perivascular cuffing extended into the adjacent tissues. 
The score of inflammation was calculated as the average 
of its section scores and then, and then groups averages 
were calculated (25).

For luxol fast blue (LFB) staining, sections were 
rehydrated in water, immersed in 0.1 % LFB (British 
Drug House, UK) at 60˚C for 2 hours, placed in 95% 
alcohol and, then washed under running water each for 
10 minutes. The contrast modification was performed 
by immersion of tissues in 0.05 % lithium carbonate; 
then, the slides were immersed in water for 10 minutes. 
The sections were counterstained with 0.1% cresyl 
violet (Merck, Germany) for 1 minute then, dehydrated 
in increasing alcohol concentrations. The tissues were 
cleared in xylene, mounted and then, cover-slipped. 
ImageJ software was used to measure total and damaged 
area of the optic chiasm. The extent of demyelination was 
calculated as the percentage of demyelinated are/total 
area. The average of the extent of demyelination for each 
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animal was calculated and statistical comparisons were 
made among the groups. 

For FluoroMyelin (FM) staining, cryosections were 
incubated with the dye for 20 minutes and 4′,6-diamidino-
2-phenylindole (DAPI) for another 5 minutes, as stated 
in the manufacture’s protocol (Molecular Probes, UK). 
Olympus BX51 fluorescent microscope was used to 
observe the slides and photography was done using a DP-
72 camera.

Quantitative real-time polymerase chain reaction

The optic chiasmata were collected from the mice 
brains for total RNA isolation using the RiboEx solution 
(Gene All, Korea) as stated in the manufacturer’s 
protocol. Reverse transcription and cDNA production 
were performed by a cDNA reverse transcription 
Kit (Parstous Biotechnology, Iran) based on the 
manufacturer’s instructions. The produced cDNA 
was used for analysis of gene expression. Real-time 
polymerase chain reaction (q-PCR) was performed by 
a Real q-PCR Master Mix (Ampliqon, Denmark,) on a 
Rotor-Gene device (Qiagen, Germany). All reactions 
were performed in duplicate. The relative amount of 
mRNA was calculated using the delta-delta cycle of 
threshold (Ct) method, and normalization was done 
using Gapdh as a housekeeping gene. Primer sequences 
are shown in Table 1.

Visual evoked potential recording

VEP recording is frequently used for measuring 
electrical activity of optic pathways in response to a 
light stimulus. This recording can reflect the extent 
of demyelination in the optic chiasm region (22). 
Mice were anesthetized, then, a screw as a recording 
electrode, was fixed on the surface of occipital cortex 
of the skull, posterior to Bregma: 3.8 mm, lateral: 3 
mm to right. The reference electrode was located on the 
prefrontal cortex anterior to Bregma: +1, lateral: 1 mm 
to the left. To tightly fix the electrodes, dental cement 
was used in the place then, the incision was sutured. 

Before VEP recording, the mice were maintained for 
10 minutes in a dark recording chamber to adapt. For 
delivering flashing light, an LED light was placed 2 
cm away from the left eye. The light was set to flash 
150 times at a frequency of 0.5 Hz using a stimulator/
recorder (sampling rate: 10000, bandpass filters: 10 
to 100 Hz, gain: 1000X; Science Beam Co., Iran). 
Responses were averaged and analyzed. The latency 
of the recorded P1 wave was considered an index of 
myelination/demyelination of the optic chiasm.

Statistical analysis

Changes in the extent of demyelinated areas and P1 
latency in VEP recordings and FluoroMyelin data were 
analyzed by Two-tailed unpaired t test. Inflammation 
scores were analyzed by non-parametric Mann-
Whitney test. P<0.05 were considered statistically 
significant.

Results
Metformin protects the optic chiasm from 
demyelination 

In order to study the extent of demyelination at 
dpi 3 and 7, we used LFB and FM staining on frozen 
sections obtained from the LPC-demyelinated mouse 
optic chiasmata (26). The assessments done based 
on LFB staining showed that on dpi 7, in the treated 
animals, the extent of demyelination was lower than 
the non-treated animals. The difference between 
the two groups on dpi 7 was statistically significant 
(P<0.05, Fig.1B, C). There was no difference between 
these two groups on dpi 3. 

In order to verify the amount of demyelination, we 
analyzed the extent of demyelination in micrographs 
obtained from sections stained with FM. In line with 
LFB staining results, there was a lower amount of 
demyelination on dpi 7 in metformin-treated animals 
compared to non-treated group (Fig.2A, B). These 
data showed a marked protective effect for metformin 
against the demyelination process.

Table 1: Sequence of primers were used for real-time polymerase chain reaction amplification

Gene Primers sequence (5ˊ-3ˊ) Annealing temperature Product length (bp)

Mbp F: CCCTCAGAGTCCGACGAGCT 62 218

R: GCACCCCTGTCACCGCTA

Gapdh F: GGTCGGTGTGAACGGATTTGG 61 198

R: ATGACAAGCTTCCCATTCTCGG
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Fig.1: Metformin protects the optic chiasm from demyelination. A. Schematic representation of site of injection. B. Quantified data for part C. C. 
Representative of LFB-stained micrographs showing the effect of metformin on demyelination in mouse optic chiasm on dpi (days post injection) 3 and 7.  
The arrows show the demyelinated area (scale bar: 50 µm). Data are shown as mean ± SD (n=3 mice per group). 
*; P<0.05 shows significant differences compared vehicle, LFB; luxol fast blue, LPC; Lysophosphatidylcholine, and Met; Metformin.

A B

C
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Fig.2: Metformin protects the optic chiasm from demyelination. A. Representative micrographs from FM-stained slides showing the effect of metformin 
on myelin repair in mouse optic chiasm on dpi 7. B. Quantified data for the extent of demyelination from FM-stained optic chiasmata (Scale bar: 50 µm). 
Data are shown as mean ± SD (n=3 mice per group). 
*; P<0.05 shows significant differences compared to LPC, LPC; Lysophosphatidylcholine, and Met; Metformin.

A

B
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The effects of metformin on inflammation severity follow-
ing Lysophosphatidylcholine-induced demyelination 

LPC administration causes a significant leakage in the 
blood-brain barrier (BBB) at the injection site (27) which 
enables robust infiltration of immune cells to the lesion 
site. To measure the extent of inflammation induced by 
LPC, the brain samples were collected on dpi 3 for H&E 
staining. In line with our previous studies (27, 28), our 
results showed that LPC caused a substantial inflammatory 
reaction in the injection site (Fig.3A). Quantitative 
analysis of micrographs obtained from stained sections 
by a blind pathologist, showed a significant reduction 
in inflammation score of optic chiasmata in metformin-
treated animals (Fig.3B, P<0.05). These results showed 
that the anti-inflammatory effect of metformin probably 
plays a positive role in its effect on the extent of 
demyelination. 

Fig.3: Metformin reduced inflammation in the optic chiasm following 
LPC-induced demyelination. A. Representative micrographs from H&E-
stained slides showing the effect of metformin on inflammation in mouse 
optic chiasm on 3 dpi. B. Quantitative analysis of H&E-stained sections 
comparing the inflammation scores for LPC+Met and LPC groups on dpi 
3. The arrows show the inflammatory cells (Scale bar: 50 µm). Data are 
shown as mean ± SD (n=3 mice per group). 
*; P<0.05 shows significant differences compared to LPC group, LPC; 
Lysophosphatidylcholine, and Met; Metformin.

The effect of metformin on level of gene expression
For further investigation of the molecular basis of 

these results, we studied the expression of myelinating 
cell marker, Mbp, in treated and non-treated animals 
on dpi 7 as well as in the control animals. The analysis 
of gene expression using real-time PCR, showed that 
the expression of Mbp was increased in metformin-
treated animals in comparison with non-treated 
animals. These results may indicate that metformin 
has exerted protective effects on myelinating cells 
(Fig .4, P<0.01).

The effects of metformin on the integrity of visual 
pathway 

Visual evoked potential (VEP) recording is a 
noninvasive approach to assess the functional integrity 
of optic pathway. While demyelination delays 
signal conduction, protection restores it to near the 
normal values. VEPs recorded from the mice visual 
cortices were used to examine effect of metformin 
on demyelination of the optic chiasm (22-29). The 
most stable component of VEP, P1-wave, which was 
sensitive to LPC-induced optic chiasm demyelination, 
was selected for further analysis. The recording site and 
time points of recordings are presented in Figure 5A. 
The sample VEP recording and P1-latency obtained 
from a control animal are presented in Figure 5A. 
Quantitative analysis of P1-wave latency is presented 
in Figure 5B. Our results shows that, P1 latency was 
increased on dpi 7 in LPC-injected mice but metformin 
treatment during days 0-7, reduced the P1 latency time 
recorded on dpi 7. In fact, metformin administration 
protected the functional integrity of visual pathway.

B

A
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Fig.4: Metformin enhanced level of gene expression. A. Changes in the expression of Mbp genes within the optic chiasmata following LPC injection on 
dpi 7 for metformin and non-treated groups. B. Representative of Mbp and Gapdh bands on gel electrophoresis. Data are shown as mean ± SD (n=6 mice 
per group). 
**; P<0.01 shows significant differences compared to intact, ###; P<0.01 shows significant differences compared to vehicle, and LPC; Lysophosphatidylcholine.

Fig.5: Metformin enhanced recovery of optic tract function after LPC-induced demyelination. A. Schematic representation of sites of electrode positioning 
and experimental procedure for VEP recordings. Box: A sample recording representing the baseline P1-latancy. B. Results of quantitative analysis of P1 
wave latency at baseline and on 7 dpi. Representative traces for day 7 are mentioned below the graph. Data are shown as mean ± SD (n=5 mice per group). 
***; P<0.001 shows significant differences compared to base, LPC; Lysophosphatidylcholine, and VEP; Visual evoked potential.
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Discussion
Searching for neuroprotective compounds is a major 

part of developing new treatments for inflammatory 
and degenerative neurological disorders including 
MS. One of these medications that have been shown to 
have beneficial effects in several studies, is metformin. 
Metformin as the first-line medication for diabetes 
mellitus, is famous for its few side effects (30, 31). 
It was shown that metformin exerts many beneficial 
effects in various pathophysiological conditions. It 
has anti-oxidative (32),  anti-apoptotic (33) and anti-
inflammatory (13) effects in nervous system diseases. 
Prolonged metformin therapy decreases the risk of 
stroke and cardiovascular mortality by 26% (34). 
After oral administration, this compound crosses 
the BBB and activates AMPK pathway in the brain 
cells (11) which plays a fundamental role in cellular 
processes. There are several studies demonstrating the 
protective effects of metformin on neuronal cells in 
a variety of CNS diseases including Parkinson’s and 
Alzheimer’s diseases (21)(Chiang, 2016 #27;Wang, 
2016 #28;Bayliss, 2016 #29;Inzucchi, 2014 #63). 
Taken the results of all the above-mentioned studies 
together, it was hypothesized that metformin may have 
positive effects on the pathology of MS.

In this study, we examined the protective effects of 
metformin on optic chiasm myelination. Our findings 
showed that metformin had a protective effect against 
optic chiasm demyelination induced by LPC. One of 
the major cellular components triggered by metformin 
is AMPK. AMPK plays a key role as a master 
regulator of cellular energy homeostasis. Therefore, 
this protection may be resulted from its effect on 
mitochondrial functions as it is widely reported as 
one of the metformin’s mechanism of action in cell 
protection. It was also reported that metformin has 
protective effect on neural and oligodendroglial cells 
in animal models of cerebral ischemic injury through 
action on mitochondrial dysfunction which usually 
occur under neurodegenerative conditions (11, 12).

Neuroinflammation is an essential immune response 
which includes cellular and vascular events which play 
a crucial role in escaping the damaging circumstance 
and controlling the disrupted homeostasis (35). Acute 
inflammation is a short-term occurrence which is 
associated with local blood flow increase, elevated 
permeability in vascular system, immune cell influx, 
fluid leakage, increased release of cytokines and free 
radicals (36, 37). In view of MS as an autoimmune 
disorder mediated by the Th1 and Th17 immune 
cells, inhibition of the activity of these immune cells 
can down-modulate the pro-inflammatory immune 
response and avoid inflammatory response-mediated 
CNS impairments (38). In this study, we showed 
that metformin could decrease the inflammatory 
response after induction of demyelination by LPC 

administration to the optic chiasm. Our findings 
are in line with previous studies which showed that 
metformin can modulate the immune response via 
decreasing the activity of invading cells and at the 
same time, increasing the activity of regulatory cells 
which limits the extent of damage (16, 17).

The results of the molecular investigations showed a 
significant change in the Mbp expression in the injured 
chiasmata on dpi 7. In an intact tissue, myelinating 
cells are constantly producing mRNA for Mbp 
protein maintenance and if there is a reduction in the 
number of these cells, lower levels of Mbp mRNAs 
will be observed. Our findings show that there was 
a reduction in Mbp expression in non-treated group 
while an increase in metformin-treated group could be 
seen. Increased Mbp expression in metformin group 
could be partly due to the greater number of protected 
myelinating cells and in part, it may be related to the 
fact that newly formed OLs in the area express higher 
levels of Mbp gene for new myelin sheath production.

We next focused on the functional aspects of the 
effect of metformin on demyelinated optic chiasm. 
Our findings showed that metformin prevented 
functional impairments in the optic pathway after LPC 
injection to the optic chiasm as the P1 wave latency 
was preserved from increasing to the higher levels. 
Our results showed that metformin could attenuate the 
impairment in the mice visual pathway which was in 
accordance with the results of our histological analysis.  
Functional effects of metformin in the context of 
neural degeneration were studied previously, where 
this compound improved the memory function in the 
hypoxic/ischemic brain injured mice, which is in line 
with our results (24, 39). 

In this study, several limitations must be taken into 
account. First of all, although we found the beneficial 
effects of metformin on decreasing the extent of 
demyelination, the precise mechanism(s) remains to 
be investigated. Second, it is also remained unclear 
whether the observed effects are just due to the 
protective effect of metformin on myelin sheets or it 
is partially the result of accelerating the remyelination 
process. Therefore, according to the limitations of 
our study, we propose conducting further research on 
the actual mechanism of the observed effect. Despite 
the promising results of our study, it would be very 
important to conduct further studies in MS patients 
by carrying out clinical trials focused on protective 
capabilities of metformin as an FDA-approved drug.

Conclusion
In this study, the neuroprotective effects of metformin 

on mice optic chiasmata damaged by LPC were 
examined. Our findings showed that metformin inhibited 
inflammation and protected myelin sheets and significantly 
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preserved the functionality of optic tract as demonstrated 
by histological, molecular and functional assessments. 
These results may contribute to finding new therapeutic 
approaches for multiple sclerosis.
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Abstract
Objective: Functional cardiac tissue engineering holds promise as a candidate approach for myocardial infarction. 
Tissue engineering has emerged to generate functional tissue constructs and provide an alternative means to repair 
and regenerate damaged heart tissues. 

Materials and Methods: In this experimental study, we fabricated a composite polycaprolactone (PCL)/gelatine 
electrospun scaffold with aligned nanofibres. The electrospinning parameters and optimum proportion of the PCL/
gelatine were tested to design a scaffold with aligned and homogenized nanofibres. Using scanning electron microscopy 
(SEM) and mechanophysical testes, the PCL/gelatine composite scaffold with a ratio of 70:30 was selected. In order 
to simulate cardiac contraction, a developed mechanical loading device (MLD) was used to apply a mechanical stress 
with specific frequency and tensile rate to cardiac progenitor cells (CPCs) in the direction of the aligned nanofibres. Cell 
metabolic determination of  CPCs was performed using real-time polymerase chain reaction(RT-PCR).

Results: Physicochemical and mechanical characterization showed that the PCL/gelatine composite scaffold with 
a ratio of 70:30 was the best sample. In vitro analysis showed that the scaffold supported active metabolism and 
proliferation of CPCs, and the generation of uniform cellular constructs after five days. Real-time PCR analysis revealed 
elevated expressions of the specific genes for synchronizing beating cells (MYH-6, TTN and CX-43) on the dynamic 
scaffolds compared to the control sample with a static culture system. 

Conclusion: Our study provides a robust platform for generation of synchronized beating cells on a nanofibre patch 
that can be used in cardiac tissue engineering applications in the near future.
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Cell Journal(Yakhteh), Vol 23, No 1, April-June (Spring) 2021, Pages: 129-136

Citation: Shams Z, Akbari B, Rajabi S, Aghdami N. Bioinspired device improves the cardiogenic potential of cardiac progenitor cells. Cell J. 2021; 23(1): 
129-136. doi: 10.22074/cellj.2021.7232.
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
Cardiovascular diseases are one of the leading causes 

of death worldwide, with almost 40% of morbidity and 
mortality in both developed and developing countries (1). 
In 2013, more than 17.3 million deaths were attributed 
to cardiovascular diseases and this number is expected 
to exceed 23.6 million by 2030 (2). Various types of 
treatments used in patients diagnosed with heart failure 
include non-invasive methods (medications) and invasive 
methods such as angioplasty, ventricular assist devices, 
pacemakers, and eventually heart transplantation (3, 4). 
In these methods, the main goal is to help the heart to 
partially restore cardiac function and prevent disease 
progression, despite the loss of some cardiac cells. None 
of these procedures repair lost tissue. The heart transplant, 
which is considered an end-stage treatment, has many 
limitations due to the lack of donors and complications 
associated with immune suppressive treatments (5). 

Therefore, scientists have focused on modern 

approaches such as cell therapy and tissue engineering 
(4). In cell therapy, viable cells can be directly injected 
into the infarcted area or arterially infused (6). These 
procedures were not very successful because only 15% 
of the cells could reach the intended site following the 
arterial injection. In the case of direct injections also, only 
a small number of injected cells could function properly 
due to the lack of an appropriate scaffold for feeding and 
growth (7, 8). 

In this regard, scaffolds that contain cardiac progenitor 
cells (CPCs) can function with high productivity in 
therapeutic procedures (9-11). The suitable scaffold 
for cardiac tissue engineering should mimic the natural 
extracellular matrix (ECM) of cardiomyocytes (12, 13). In 
addition to its appropriate adhesion and strength, as heart 
tissue is imposed under tension loadings of continuous 
and cyclic contraction and expansion, a suitably fabricated 
scaffold should withstand this level of tension to provide 
mechanical support for cardiac cells during the repair 
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period (14-16). Heart muscle has a Young's elastic 
modulus range from 10-20 kPa in diastole with a tension 
rate of <10%. At the end of diastole, Young's modulus 
will increase to 50 in normal cardiac muscle and 200–
300 kPa in the damaged heart. Therefore, an elastomer 
scaffold such as polycaprolactone (PCL) has a very 
appropriate application in contractive cycles of cardiac 
tissue (17). PCL has good mechanical properties and 
a controllable degradability rate (17, 18). However, 
intrinsically it is hydrophobic and cannot provide the 
appropriate conditions for cell adhesion. Therefore, it 
is better to integrate a natural scaffold such as gelatine 
with PCL to produce a composite with better adhesion 
and mechanical strength. The composite ratio of these 
polymers is very important (17, 18).

An important issue with the transplantation of cell-
seeded scaffolds to the infarcted area is that the seeded 
cells lack the ability to regulate themselves with other 
natural cardiomyocytes during beating. Therefore, they 
will cause heart arrhythmia (19). Exposing CPCs to 
mechanical loadings at a frequency and tension similar 
to natural tissues will increase expressions of the 
genes related to cell contraction and synchronization 
(20-22). 

Mechanical loading transmission in a specific, direct 
way has a greater impact on the speed and quality of the 
conduction (23, 24). Thus, in this study, we designed 
a two-dimensional (2D) aligned nanofibre composite 
scaffold that was fabricated with the appropriate rate of 
two PCL and gelatine polymers using electrospinning 
techniques with a rotating mandrel. We exposed the 
scaffold to mechanical loading in the direction of the 
parallel nanofibres at specific frequency and tension 
rates created by a mechanical loading device (MLD). 
Therefore, we simulated the conditions of natural 
cardiac cells as much as possible in vitro. Although 
numerous researches have been conducted that imposed 
mechanical and electrical loadings to the scaffolds 
with cells (25-27), mechanical loadings have not 
been directly imposed on 2D anisotropic electrospun 
scaffolds in the direction of parallel nanofibres that 
contain CPCs. 

In the present study, mechanical loading was transferred 
in the direction of the aligned nanofibres; therefore, the 
interactive effects of anisotropy and scaffold tension 
induced the human cardiac progenitor cells (hCPCs) to 
differentiate into cardiac cells.

Materials and Methods 
Scaffold fabrication 

In this experimental study, a mixture of formic acid 
and acetic acid (7:3) (Sigma Aldrich Corporation) 
was used as solvent to obtain a 14% (wt %) polymer 
solution (28). The proportion of formic acid was 
Greater in the solvent because of its high dielectric 
constant (29). To achieve optimum electrospinning 
parameters for an aligned and homogenized nanofibre 
scaffold, PCL (mw: 80 000 g/mol, Sigma Aldrich) and 
porcine skin gelatine type A (Sigma Aldrich) polymers 
were mixed at a PCL/gelatine ratio of 70:30 and added 
to the solvent. The solvent was shaken on a stirrer at 
500 rpm for one hour without heat. Electrospinning 
techniques were applied to fabricate the scaffold from 
the prepared solution. The Mandrel rotation technique 
was used to have aligned nanofibres. To obtain optimum 
electrospinning parameters, we used varied feeding 
ratios, needle distance to collector, voltage, and the 
Mandrel rotation speed [(30), Table 1]. The samples 
were prepared for scanning electron microscopy 
(SEM) imaging to assess the morphological features, 
level of homogeneity, and direction of the nanofibres. 
To obtain the image from a polymer surface using 
electron radiation, a gold coating should be applied in 
order to make a conductive surface. The samples were 
imaged at 2000 V.

After specifying the appropriate electrospinning 
parameters, we assessed the different ratios in terms 
of hydrophilicity and mechanical strength. To achieve 
this purpose, three scaffold samples were fabricated 
with PCL/gelatine composite ratios of 80:20, 70:30 
and 60:40 according to optimum electrospinning 
parameters.

Table 1: Different electrospinning parameters of the polycaprolactone (PCL)/gelatine (70:30) at a 14% (wt%) concentration at room temperature

Sample Rate (ml/hour) Distance: Needle to collector (cm) Voltage (kV) Collector speed  (RPM) Electrospinning    Time (minutes)

A1 0.1 15 17 2000 10

A2 0.2 12 15 2000 15

A3 0.1 12 12 1800 10

B1 0.3 10 17 1500 20

B2 0.3 10 17 2000 20

B3 0.3 10 17 2500 20
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According to SEM studies, the scaffold diameter 
distribution and discrepancy levels were compared using 
SPSS software in order to detect those composites with the 
highest homogeneity. Hydrophilicity was studied using 
contact angle tests in the three scaffold composites with 
different ratios. The static contact angle was measured 
with the sessile drop technique by placing a 3 µl droplet 
on a polymer surface to obtain images with a camera when 
the droplet stabilized. Mechanical strength was compared 
among the three composite ratios using an Instron TM-
SM (Instron®, UK). First, the length and diameter values 
were measured in the samples, then a tension force was 
imposed on samples in the direction of the nanofibres with 
a strain rate of 5 mm/minute (31). After five repetitions 
for each sample, tension-strain curves were plotted and 
compared, and the best electrospinning parameters and 
polymer ratio to fabricate the main scaffold were chosen.

Cell viability assessment 

Human cardiac progenitor cells (hCPCs) were purchased 
from Royan Institute (code no. RSCB0180, Tehran, Iran). 
The cells were cultured in a culture medium that included 
Iscove’s modified Dulbecco’s medium (IMDM, Sigma), 
1% L-glutamine (Invitrogen), non-essential amino acids 
(Invitrogen), penicillin/streptomycin (Invitrogen) and 
10% fetal bovine serum (FBS, Gibco). The medium was 
changed every two days. Cells were passaged with 0.025% 
trypsin/EDTA (Gibco) for 3 minutes at 37˚C. Gelatine is 
a hydrophilic polymer, and the nanofibre morphology 
could be destroyed in aqueous fluids. Therefore, the 
nanofibre was cross-linked by treatment with 25% 
glutaraldehyde (Merck, Germany) in a desiccator for 
six days. Approximately 3000 cells were cultured on 
scaffolds for two, four, and six days. The MTS (Promega, 
G5421) assay was performed to determine cytotoxicity 
at the specified time and according to the manufacturer’s 
instructions. Absorbance was measured at 490 nm using 
an enzyme-linked immunosorbent assay (ELISA) plate 
reader (Thermo Scientific Multiscan Spectrum). The PCL 
scaffold was used as the control group.

Mechanical loading device fabrication

To mimic the morphological and functional properties 
of native cardiomyocytes in the body, the cells that were 
seeded on the scaffold should be exposed to mechanical 
loading according to a normal heart beat (32-34). 
Therefore, a device was designed where its applied force 
could be controlled with specific tension rate and frequency 
(Fig.1). This device was designed with a stainless steel 
body and an armature that could be run according to the 
frequency and force values determined, and confirmed by 
a frequency generator board. The armature included a coil 
and core placed inside. The core was connected to a metal 
shaft. The shaft passed through a hole in the bottle lid and 
Connected to two steel bases inside the bottle. The scaffold 
was placed on these bases. The coil could generate a strong 
magnetic field with an imposed voltage of 5 V (35), where 

the core would move in the direction of the magnetic 
field and create a distance between two bases. After the 
imposed voltage is disconnected, the bases return to the 
initial locations. The distance between two bases and the 
time switch were considered to be capable of generating 
a tension force with a 10% strain and frequency of 1 Hz 
(25, 33, 35, 36) in the scaffold, which was adhered to two 
bases with antibacterial silicone glue. All parts that were 
in direct and indirect contact with the scaffold were made 
of Teflon and steel so they could be autoclaved.

The voltage input of the armature was turned on and off 
by a frequency generator board (Fig.1, See supplementary 
online information at www.celljournal.org). The scaffold 
could be exposed to a 10% strain per second. In order to 
set a temperature of 37˚C for cells without an incubator, 
we designed a system to control the temperature, which 
included a heating element, thermostat board, relay to 
turn the currents on and off, a non-contact thermal sensor 
for temperature control and a display device to represent 
temperature values during each moment (Fig.2, See 
supplementary online information at www.celljournal.
org). The non-contact sensor mounted on the bottle sends 
infrared light into the cell culture medium, measures the 
returned light and determines the internal temperature 
of the culture container. If the recorded temperature is 
less or more than 37˚C, the sensor would send an on/off 
command to the thermostat board and relay. By using the 
mentioned system and continuous monitoring temperature 
on the display, we were assured that the temperature was 
appropriate for the cultured cells.

Fig.1: Assembly simulation of the mechanical loading device (MLD). 
A. MLD schematics. B. Armature for applying the mechanical load. C. 
Frequency board and heat controller in a box. The LCD embedded in the 
box displays the off/on mode of the heater and the temperature of the 
culture media in the bottle. D. Non-contact infrared temperature sensor 
measures the media temperature. E. Steel holder, which includes a 10x10 
cm heater at the bottom of the steel plate. F. Steel bases attached to the 
door. The steel shaft attached to the armature core causes two bases to 
open and close at a specific frequency. G. Electrospun scaffold located 
on the steel bases. H. Teflon piece with eight holes (four optional axes of 
force). R=2 cm.
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Mechanical loading device experiment
CPCs were seeded on the nanofibre composite 

scaffold at 2×106 per 2×2 cm2 and placed in the cell 
culture medium. One of the scaffolds was placed on the 
stainless-steel bases in the mechanical loading device 
(MLD). After three days in a fixed culture, the MLD was 
turned on and the cell-seeded scaffold was exposed to a 
mechanical loading in the direction of aligned parallel 
nanofibres at 10% elongation and frequency of 1 Hz for 
five days (33, 35). The temperature, humidity, oxygen, 
and pH were controlled in the culture environment 
to provide an appropriate environmental condition 
for cell growth and differentiation. To achieve this 
aim, the culture medium was changed daily to keep 
pH and oxygen levels at constant values (25). Also, 
the inner container temperature was monitored on an 
LCD display. During this period, the control scaffold 
was placed in an incubator with static culture medium. 
After applying the mechanical loading for five days, we 
prepared both scaffolds for imaging via SEM and gene 
expression analysis by real-time polymerase chain 
reaction (RT-PCR).

Scanning electron microscopy images in the main and 
control scaffolds

Samples were fixed in 2% glutaraldehyde in 0.1 M 
PBS and left for 24 hours at 4˚C. The samples were 
washed with 0.1 M PBS and fixed in 1% OsO4 in 0.1 
M PBS (pH=7.3) for 2 hours at 25˚C. The samples were 
subsequently dehydrated in a graded ethanol-water 
series to 100% ethanol, then allowed to completely dry. 
Finally, the samples were mounted on aluminium stubs 
and coated with a thin layer of gold. Cell morphology 
on the scaffolds was analysed with a scanning electron 

microscope (VEGA\TESCAN, Czech Republic) at an 
operating voltage of 15 kV.

Determination of gene expression
In the present study, the expression levels of three genes 

(TTN, MYH-6 and GJA1) were analysed and compared 
by real-time PCR (RT-PCR) in the dynamic and static 
culture conditions. RNA was extracted manually with 
TRIzol reagent (Ambion) and chloroform according to the 
manufacturer’s instructions. First strand cDNA synthesis 
was performed with a TaKaRa kit. Real-time PCR was 
performed using three cell samples: CSCs without any 
scaffolds, and cells seeded on scaffolds under static and 
dynamic conditions. Each condition was repeated four 
times (primer sequences in Table 1, Supplementary 
Information).

Statistical analysis
All data were expressed as mean ± standard error mean. 

Statistical analysis was performed using one-way analysis 
of variance (ANOVA) followed by the appropriate post 
hoc test in Excel software (Microsoft Excel 2010). P 
values were considered significant at: *P <0.05, **P 
<0.01, and ***P <0.001.

Results 
Scaffold characterization 

Figure 2 shows the SEM results of the composite 
scaffolds of the PCL/gelatine with a PCL to gelatine ratio 
of 70:30 that were created according to the mentioned 
electrospinning parameters in Table 1. According to the 
SEM images of all the samples, sample B2 was selected 
as the optimum sample.

Fig.2: Scaffold homogeneity analysis by scanning electron microscopy (SEM) micrographs of the aligned polycaprolactone (PCL)/gelatine (70:30) with 
different electrospinning parameters (Table 1) for the A1, A2, A3, B1, B2 and B3 samples.
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To obtain the optimum ratio of the composite scaffold, 
physicochemical and mechanical properties of different 
ratios of the PCL/gelatine (80:20, 70:30, 60:40) were 
evaluated. SPSS results and SEM images showed that as 
the gelatine ratio increased, the nanofibres showed higher 
heterogeneity [Fig.3, (18)].

The mechanical strength evaluation results demonstrated 
that the studied scaffolds tolerated a tension of 5 mm/
minute in the direction of the parallel nanofibres. The 
results were plotted in stress-strain figures for all samples 

(Fig.4E). Table 2 shows the results of the contact angle test 
and mechanical strength. Based on our results from SEM 
images and the contact angle and mechanical strength 
experiments, we selected the PCL/gelatine scaffold that 
had a composite ratio of 70:30 for further studies. The 
chosen scaffold had a contact angle of 46.96˚ and ultimate 
tensile strength of 22 MPa, which occurred at 17% 
elongation (Fig.4C). Since in this study, the scaffold was 
going to be exposed to 10% elongation, we concluded that 
our chosen scaffold could be used for the relevant tests. 

Fig.3: Scanning electron microscopy (SEM) micrographs and fibre diameter frequency of the random: A. polycaprolactone (PCL)/gelatine (60:40), B. PCL/
gelatine (70:30), and C. PCL/gelatine (80:20).

Table 2: Young’s modulus and contact angle of the scaffolds with different ratios of Polycaprolactone and gelatine.

Omposite ratio (PCL/gelatine) Young’s modulus (MPa) Contact angle Ultimate tensile strength (MPa) Elongation at break point (%)

60:40 200 38.97˚ 11 12

70:30 460 46.96˚ 22 17

80:20 504 68.71˚ 28 22
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Cell viability 
We performed the MTS assay to evaluate the cytotoxicity of 

the PCL/gelatine composite scaffold compared to the control 
PCL scaffold. As shown in Figure 4F, the number of cells on 
the scaffolds increased over time. At the fourth day, SEM 
images of the scaffolds indicated that the CPCs adhered to the 
aligned scaffold in the direction of the nanofibres (Fig.4B). 

Cell proliferation in the static and dynamic samples
We cultured CPCs on the selected composite scaffolds 

for three days. Then, we carried out mechanical loading 
on one of the scaffolds for five days using the MLD 
(Fig.1). Figures 5A, B show SEM images of these two 
samples. 

Gene expression results in the static and dynamic samples

Quantitative real-time PCR analysis was performed to 
evaluate expressions of the TTN, MYH-6 and GJAI genes 
(Fig.5C). 

 

Fig.4: Mechanical, chemical and physical characteristics of the main scaffold. A. Scanning electron microscopy (SEM) image of the aligned polycaprolactone 
(PCL)/gelatine (70:30). B. SEM micrograph of cardiac progenitor cells (CPCs) on the scaffold at the fourth day of the static culture. C. Contact angle 
measurement. D. Fibre diameter frequency of the nanofibres (SPSS). E. Typical stress–strain curve of the PCL/gelatine 70:30 in comparison with the PCL/
gelatine 60:40 and 80:20 nanofibres. F. Cell proliferation and viability assays of the PCL/gelatine 70:30 nanofibres on days two, four, and six. *Significant 
differences and **P<0.01 versus control. PCL was used as the control (n=12).

 

Fig.5: Cell morphology and gene expression on the scaffolds in the static and dynamic conditions. Scanning electron microscopy (SEM) micrographs of 
the cardiac progenitor cells (CPCs) on: A. dynamic sample after three days of static culture and five days of dynamic culture by the mechanical loading 
device (MLD) and B. static sample after eight days of static culture. C. Real-time PCR graph of the cardiac genes, MYH-6, TTN and CX-43, expressions in 
the control, static, and dynamic samples. *; Significant differences, and **P<0.01 versus control. Cardiac stem cells (CSCs) were used as the control (n=4).
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Discussion
We compared different scaffolds by varying the 

electrospinning parameters to investigate the optimum 
parameters for a suitable cardiac scaffold. According to 
the SEM results of six scaffolds obtained from different 
electrospinning parameters listed in Table 1, the following 
observations were made: i) a decrease in the polymer 
feeding rate along with an increase in the distance between 
the needle and collector resulted in dramatic reduction 
in the nanofibre diameters in addition to a partial loss in 
homogenization of the fibres (Samples A1 and A2) (30). ii) 
When the voltage was decreased, the nanofibres with high 
discrepancy and a non-homogenized distribution were 
produced. This observation indicated that the imposed 
voltage was not suitable to generate a Taylor cone in 
the mentioned electrospinning process (Samples A1 and 
A2) (30). iii) When SEM images were studied based on 
Mandrel rotation speed, it was concluded that increasing 
the Mandrel rotation speed to a value over its threshold 
did not result in more aligned nanofibres. The high speed 
of the mandrel caused the polymer to spread around the 
collector, which resulted in non-homogenous distribution 
of the nanofibres (sample B3). iv) Conversely, when 
the Mandrel rotation speed was less than the threshold, 
we obtained a scaffold with a weak alignment (sample 
B1). Therefore, sample B2 was selected as the optimum 
sample based on the SEM images from all of the samples. 

In order to achieve the best composite proportion, the 
prepared scaffolds were studied based on their mechanical 
strength and cellular adhesion properties. As expected, 
evaluation of the contact angle indicated that increasing 
the rate of the hydrophilic polymer (gelatine) resulted in 
a decreased contact angle and increased cellular adhesion 
(18). As indicated in Stress-Strain graph, when the PCL 
rate increased, the slope of the stress-strain plots and 
elasticity modulus were also elevated (18, 37). The 
fracture point in the scaffold composited with a higher 
PCL ratio occurred when a higher tension percentage was 
applied (37). Therefore, the results appear to be promising 
for future advances with the mechanical loading imposed 
with a 10% strain on the scaffold. Due to the results of 
MTS assay, the number of cells on the scaffolds increased 
over time. It was found that integration of gelatine led 
to an increase in cellular adhesion on the PCL/gelatine 
composite scaffold compared to the control scaffold. 

Eventually, according to all the tests performed on the 
scaffold, it was clear that we achieved a proper cardiac 
scaffold; therefore, the scaffold could be subjected to 
mechanical loading. The dynamic scaffold after five days 
of simulation was compared with the static scaffold. As 
shown in SEM micrographs of CPCs, the number of 
cells grown on the scaffold with the dynamic culture 
conditions was increased. Quantitative real-time PCR 
analysis indicated that the cardiac genes were expressed 
more in the dynamic scaffold compared with the static 
scaffold. TTN and MYH-6 are transcribed to the Titin 
protein and α-MHC, respectively, which are responsible 
for cardiac muscle contraction. GJAI is transcribed to 

Connexin-43, which is a Gap junction protein responsible 
for regulating intercellular relations and synchronized 
cardiac contraction (25, 35). Our results elucidated that 
the expressions of the TTN, MYH-6 and GJAI genes 
increased in the scaffold with the mechanical loading 
profile compared to the static culture condition. This 
finding indicated the appropriate transfer of tension force 
to the cardiomyocytes in the scaffold that had a mechanical 
loading profile. The dynamic condition induced higher 
gene expressions that were related to the transfer of a 
contractile force through natural cardiac tissue. 

Conclusion
The goal of our study was to appropriately simulate and 

mimic cardiac ECM and the mechanical conditions in 
the heart tissue in vitro. We used an electrospun scaffold 
with aligned nanofibres combined with two PCL and 
gelatine polymers and produced a scaffold with suitable 
cellular adhesion and mechanical strength. The resultant 
scaffold showed a homogenous and consistent diameter 
distribution with a chemical-physical profile similar to 
cardiac ECM. Next, an MLD was used to produce a 10% 
strain with 1 Hz frequency to CPCs seeded on the scaffold 
for five days in the direction of the parallel nanofibres. 
This established a similar condition to the heart muscle 
with simultaneous contraction among cells with 
mechanical loading transferred through Gap junctions. 
Based on physics theories, applying a mechanical force 
in a special direct way would allow it to transmit more 
efficiently, such that the applied stress to the 2D aligned 
nanofibre scaffold would stimulate the CPCs to express 
more cardiac genes. Therefore, the relevant genes that 
are responsible for synchronized cardiac contraction and 
regular intercellular relationship (MYH-6, TTN and CX-
43) could be expressed at higher levels in these cells. 
Finally, these cells would be suitable candidates for 
transplantation to the damaged heart tissue without the 
possibility of developing arrhythmias. A relevant future 
topic could focus on the effect of infrared radiation from a 
non-contact sensor applied in the thermal control system 
in this project. According to a study by a research team 
at Utah University in 2011, infrared radiation was used 
to stimulate neonatal rat ventricular cardiomyocytes  and 
toadfish middle ear cells to send neural signals to the 
brain.
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Fig.3: Immunofluorescence staining for insulin (FITC) and C-peptide (FITC) in differentiation umbilical cord blood cluster of differentiation 133+ (UCB-
CD133+) cells. A. The bright field images of pre- and post-differentiation UCB-CD133+ cells. Expressions of insulin and C-peptide conjugate with FITC 
(green) and nucleus stained with DAPI and B. Bright field images of mesenchymal stem cells (MSCs) pre- and postdifferentiation and lack of expressions 
of insulin and C-peptide in the cells (×100).
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Fig.4: Effect of rat pancreatic mesenchymal cells on differentiation of umbilical cord blood cluster of differentiation (UCB-CD133+) into pancreatic β 
cells. Morphology and immunophenotyping of cells pre- and post-differentiation (×100). Immunofluorescence staining of cells for insulin (FITC) and 
C-peptide (FITC) in the groups co-cultured with rat pancreatic stromal cells. As observed with fluorescent microscope,insulin and C-peptide expressed 
after pancreatic differentiation in islet-like clusters. Human cadaver pancreas was the positive control. Nuclei were counterstained with 4΄,6-diamidino-2-
phenylindole (DAPI).
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In this article which was published in Cell J, Vol 17, No 1, Spring 2015, on pages 37-48, we found that Figure 1H, Figure 
2 (OTX2, row 3), and Figure 3 (row 4) had been published incorrectly. The following figures are corrected.

The authors would like to apologies for any inconvenience caused.
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Fig.1: Induction of human embryonic stem cells (hESCs) into neural cells by co-culture with stromal stem cells from human exfoliated deciduous teeth 
(SHED). A. Stereo photomicrographs of hESC colonies with central crater-like structures, B. Numerous neural tube-like structures located in the margin 
of the colonies on day 14, C. Neural progenitor cells (NPCs) with rosette-like structures before passaging, D. were ZO1 (epithelial marker) positive , E. 
Adherent culture of NPCs , F. was NESTIN positive, G. NPCs showed normal karyotype and H. expressed NESTIN, SOX1 and PAX6.

Fig.2: Immunofluorescence staining of human embryonic stem cell derived neural precursor cells (hESC-NPCs). Rostral identity and proliferation potency showed by 
immuno co-staining for NESTIN/OTX2, NESTIN/PAX6 and OTX2/Ki67. Neuroepithelial and radial glia characteristic demonstrated by RC2/SOX1 immuno co-staining.

Karbalaie et al.
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Fig.3: Phase contrast (A-D) and immunofluorescence staining (E) of differentiated human embryonic stem cell derived neural progenitor cells (hESC-NPCs). 
Visible network structures appeared following a long culture period of neural cells that had bipolar morphology and distinct soma. The differentiated cells 
were positive for TUJ, NCAM mature neural markers and TH, PERIPHERIN and BRN3A as markers of peripheral neurons.

Stromal-Derived Inducing Activity by SHED on hESCs
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In this article which was published in Cell J, Vol 20, No 3, Autumn 2018, on pages 377-387, the scale bars in Figures 
5-A  missed unintentionally during production.  The following figure is corrected. 

The authors would like to apologies for any inconvenience caused.
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Fig.5: Hepatocyte function analysis in different media. A, B. PROD assay in hepatocytes cultured in different media on days 3 and day 5. Representative 
image and quantitative analysis of PROD activity in primary hepatocytes. Red areas demonstrated PROD activity in the respective cells. There were no 
significant differences in the CYP activity between all groups, C. Albumin secretion, and D. Urea synthesis in the different groups. The Alb secretion and 
urea production from hepatocytes cultured in HepZYM were significantly higher (P=0.0001) on days 3 and 5, compared to the other three groups. The 
data were presented as mean ± SD (n=5, ***; P<0.0001) (scale bar: 100 μm). hAT-MSC-CM; Human adipose tissue-mesenchymal stromal cells-conditioned 
media, H-CM; hypoxic-CM, and N-CM; Normoxic-CM.
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hAT-MSCs-CM Improves Hepatocyte Maintenance
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