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Aims and Scope: The "Cell Journal (Yakhteh)" is a peer review and monthly English publication of Royan Institute of Iran. The 
aim of the journal is to disseminate information by publishing the most recent scientific research studies based on medical and 
developmental biology including cell therapy and regenerative medicine, stem cell biology reproductive medicine, medical 
genetics, immunology, oncology, clinical biochemistry, neuroscience, and tissue engineering. Cell J, has been certified by the 
Ministry of Culture and Islamic Guidance since 1999 and accredited as a scientific and research journal by HBI (Health and 
Biomedical Information) Journal Accreditation Commission since 2000 which is an open access journal. This journal holds 
the membership of the Committee on Publication Ethics (COPE).

1. Types of articles 

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

A. Original articles 

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

B. Review articles 

Review articles are the articles written by well experienced authors and those who have excellence in the related fields. The 
corresponding author of the review article must be one of the authors of at least three published articles appearing in the refer-
ences. The review article consists of English Abstract (unstructured), Introduction, Conclusion, Author’s Contributions, and 
References (Up to 90). 

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 90). 

D. Short communications

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

E. Case reports

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

F. Editorial

 Editorials are articles should be written in relevant and new data of journals’ filed by either the editor in chief or the editorial board.

G. Imaging in biology

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

H. Letter to the editors

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

I. Debate

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

2. Submission process

It is recommended to see the guidelines for reporting different kinds of manuscripts. 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 all the authors’ contributions. This 
participation must include: Conceptualization, Methodology, Software, Validation, Formal analysis, Investigation, Resources, 
Data Curation, Writing - Original Draft, Writing - Review & Editing, Visualization, Supervision, Project administration, and 
Funding acquisition. 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." The corresponding author must confirm the proof of the manuscript before online publishing. 
It is needed to suggest three peer reviewers in the field of their manuscript.

C. Manuscript preparation

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

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

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

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

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

2. Linkage disequilibrium (LD) structure between SNPs (if multiple SNPs are reported) must be presented.

3. Appropriate multiple testing correction (if multiple independent SNPs are reported) must be included.

Submissions that fail to meet the above criteria will be rejected before being sent out for review.

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

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

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

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 caption should contain a brief title for 
the whole figure and continue with a short explanation of each part and also the symbols used (no more than 100 words). All 
figures must be prepared based on cell journal’s guideline in color (no more than 6 Figures and Tables) and also in TIF format 
with 300 DPI resolution.

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

Supplementary 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 caption for each supplementary material submitted.

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

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

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

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

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



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

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

Article:

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

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

Book:

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

Example: Edelman CL, Mandle CL. Health promotion throughout the lifespan. 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. Corresponding authors should send the manuscripts via the Online Manuscript Submission System.  All submissions will 
be evaluated by the associated editor in order to check scope and novelty. If the manuscript suits the journal criteria, the 
associated editor would select the single-blind peer-reviewers. The reviewers of the manuscript must not share information 
about the review with anyone without permission of the editors and authors. If three reviewers pass their judgments on the 
manuscript, it will be presented to the associated editor of Cell J. In the case of having a favorable judgment on the manuscript, 
reviewers’ comments will be presented to the corresponding author (the identification of the reviewers will not be revealed). 
After receiving the revision, the associated editor would choose the final reviewer among the previous ones. The final decision 
will be taken by editor-in-chief based on the final reviewer’s comments. The review process takes between 2 to 4 months in 
Cell J. 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 the journal office. Finally, the executive 
manager will respond promptly to authors’ request.

After receiving the acceptance letter, the abstract of the paper would be published electronically. The paper will be in a queue 
to be published in one Cell J. At last, the corresponding author should verify a proof copy of the paper in order to be published.

The Final Checklist 

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

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

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

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

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

5. An ethical committee letter should be inserted at the end of the cover letter. 
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Abstract
Objective: Long non-coding RNA (lncRNA) H19 has essential roles in growth, migration, invasion, and metastasis of 
most cancers. H19 dysregulation is present in a large number of solid tumors and leukemia. However, the expression 
level of H19 in acute lymphoblastic leukemia (ALL) has not been elucidated yet. The current study aimed to explore 
H19 expression in ALL patients and cell lines.  
Materials and Methods: This experimental study was conducted in bone marrow (BM) samples collected from 25 
patients with newly diagnosed ALL. In addition, we cultured the RPMI-8402, Jurkat, Ramos, and Daudi cell lines 
and assessed the effects of internal (hypoxia) and external (chemotherapy medications L-asparaginase [ASP] and 
vincristine [VCR]) factors on h19 expression. The expressions of H19, P53, c-Myc, HIF-1α and β-actin were performed 
using quantitative real-time polymerase chain reaction (qRT-PCR) method.  
Results: There was significantly increased H19 expression in the B-cell ALL (B-ALL, P<0.05), T-cell ALL (T-ALL, 
P<0.01) patients and the cell lines. This upregulation was governed by the P53, HIF-1α, and c-Myc transcription 
factors. We observed that increased c-Myc expression induced H19 expression; however, P53 adversely affected H19 
expression. In addition, the results indicated that chemotherapy changed the gene expression pattern. There was a 
considerable decrease in H19 expression after exposure to chemotherapy medications; nonetheless, hypoxia induced 
H19 expression through P53 downregulation. 
Conclusion: Our findings suggest that H19 may have an important role in pathogenesis in ALL and may act as a 
promising and potential therapeutic target.  
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Citation: Asadi M, Gholampour MA, Kompani F, Alizadeh Sh. Expression of long non-coding RNA H19 in acute lymphoblastic leukemia. Cell J. 2023; 25(1): 1-10. 
doi: 10.22074/cellj.2022.8315.
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
Acute lymphoblastic leukemia (ALL) is the most 

prevalent leukemia in childhood. It is characterized  by 
overproduction and accumulation of lymphoblasts in 
the bone marrow (BM) (1). In addition, ALL relapse is 
the fundamental  cause of treatment failure in 15-20% 
of patients (2, 3). Therefore, the exploration of novel 
functional molecules that play a role in ALL pathogenesis 
could be effective therapeutic targets for this disease.

Long non-coding RNAs (lncRNAs) are non-protein-
coding transcripts longer than 200 nucleotides. The results 
from recent studies have revealed various functions of 
lncRNAs in molecular mechanisms of biological and 
pathological processes (4-7). H19 was the first lncRNA to 
be discovered and submitted for genomic imprinting (8-10). 
H19 has a role in embryogenesis and tumorigenesis (11). H19 
acts as a molecular sponge for miRNA-138 and miRNA-
200a, the precursors of microRNA675 , which interact with 
epigenetic polycomb proteins. H19 has an indispensable role 
in enhancing cell proliferation, differentiation, migration, 

invasion, and chemoresistance (12, 13). Initially, H19 
was reported to be a tumor suppressor (14, 15), however, 
recent evidence has shown that H19, as an oncogene, is 
overexpressed in breast (16-18), liver (18), endometrial 
(19), lung, cervical, and esophageal cancers (5). A similar 
pattern of H19 expression is observed in various types of 
leukemia, including chronic myeloid leukemia (CML) 
(20, 21) and acute myeloid leukemia (AML) (22), as well. 
These observations together suggest dual roles for H19 as 
an oncogene or a tumor suppressor in various cancers (20). 
Therefore, future studies could evaluate the potential for 
lncRNAs as therapeutic targets or prognostic biomarkers in 
cancer treatments (23).

According to previous studies, some transcriptional 
factors can regulate and change the molecular functions 
of H19. For instance, c-Myc is a transcriptional factor 
that plays an oncogenic role through attaching to 
conserved E-boxed in the vicinity of the imprinting 
control region (ICR), to induce acetylation of 
histones and the H19 promoter. c-Myc induces H19 

1-10
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expression and may contribute to tumor etiology or 
function as an oncogene (12, 24, 25). c-Myc was first 
identified in Burkitt’s lymphoma. Its activation is caused 
by a chromosomal translocation. However, deregulation 
of c-Myc expression has been observed along with poor 
patient survival in numerous human cancers, including 
carcinomas of the prostate, breast, lung, as well as 
leukemia, and lymphoma (26). Conversely, H19 and p53 
mutually counter-regulate each other (27). The p53 tumor 
suppressor is a transcriptional factor that regulates various 
anti-proliferative processes and downregulates H19 
expression by inducing DNA demethylation at the ICR of 
H19 (28-30). Various physiological processes such as cell 
metabolism, survival, proliferation, and angiogenesis play 
crucial roles in pathological scenarios (31, 32). A hypoxic 
region is present in ALL BM, and it is considered to be a 
determinative factor for both a therapeutic response and 
tumor progression. A complicated cellular network of 
genes is involved in tumor progression (33). Researchers 
have reported that H19 is a part of this network because 
its expression could be upregulated in hypoxic stress 
(34, 35). HIF-1α is a crucial factor responsible for H19 
induction under hypoxic conditions and acts as a p53 
inhibitor, leading to tumor growth. Hypoxia can indirectly 
upregulate H19 expression by inhibition of p53 (24, 
35). 

H19 is overexpressed in various cancerous tissues and 
has been shown to be associated with carcinogenesis, cell 
proliferation and differentiation, metastasis, poor prognosis, 
and tumor growth in various cancers, while normal expression 
of H19 has been shown in healthy individuals. This LncRNA 
may act as a novel diagnostic and prognostic marker for 
malignancies. 

Material and Methods 
Cell lines and patient samples

In this experimental study, we cultured the 
RPMI-8402, Jurkat, Ramos, and Daudi cell lines 
inRPMI-1640 (Gibco Life Technique, Germany) 
with 10 % heat-inactivated fetal bovine serum (FBS, 
Sigma-Aldrich, USA), 100 U/ml penicillin, and 100 
µg/ml streptomycin. The cells were maintained in 
a humidified incubator with 5% CO2 at 37°C. We 
purchased cell lines from National Cell Bank of Iran 
(NCBI, Pasteur Institute of Iran, Tehran, Iran). The 
patient samples were collected from BM of 25 newly 
diagnosed ALL individuals, 15 with B-ALL and 10 
with T-ALL, and 20 healthy donors admitting to the 
Children’s Medical Center, Tehran, Iran. The medical 
Ethics Committee of Tehran University (IR.TUMS.
REC.1394.2201) permitted this study.  

B and T cell isolation
BM from both healthy donors and patients were collected 

in EDTA tubes and mononuclear cells of BM (BM-MNCs) 
were isolated through Ficoll-Hypaque (Lymphodex, 

Germany). The isolated cells were magnetically labeled 
with Anti- CD3 and CD19 MACS MicroBeads (Miltenyi 
Biotech, Germany). Next, the samples were washed using 
1-2 mL of phosphate-buffered saline (PBS) buffer per 106 

cells and subsequently centrifuged for 10 minutes at 300x 
g. The cell suspension was placed onto the separation 
column and the flow-through that contained the unlabeled 
cell was collected. The column was then removed and the 
retained cells were washed, collected and considered as a 
positively selected cell fraction. The isolated cells from 
healthy individuals were considered to be the control 
group for evaluation of gene expression in patients with 
ALL. 

Flow cytometry analysis
Flow cytometry analysis was conducted to assess the 

purity of the isolated B and T cells using CD19-FITC and 
CD3-PE-conjugated antibodies, respectively (ebioscience, 
Thermo Fisher Science, USA). The antibody binding step 
was performed for 45 minutes at 4°C in the dark. Afterward, 
the cells were resuspended in 100 µl of 0.5% PBS. The 
analysis was carried out by a flow cytometer (FACScalibur, 
Becton Dickenson, MA, USA).

RNA extraction and quantitative real-time polymerase 
chain reaction

Total RNA was extracted using RNeasy Mini Kit 
(Qiagen, Hilden, Germany) according to manufacturer’s 
instruction. Next, using the revert Aid First-Strand cDNA 
Kit (Fisher Scientifiec, MA, USA) protocol cDNA was 
synthesized. Applied Biosystem 7300 real-time PCR 
System (Applied Biosystem, Foster City, USA) was 
used for quantitative real-time polymerase chain reaction 
(qRT-PCR). The following primers were used for qPCR: 

H19 sense: 5ˊ-TGTTTCTTTACTTCCTCCACGG-3ˊ 
antisense: 5ˊ- TTCCTCTAGCTTCACCTTCCAG-3ˊ
c-Myc sense: 5ˊ-TTCGGGTAGTGGAAAACCAG-3ˊ 
antisense: 5ˊ-AGTAGAAATACGGCTGCACC-3ˊ
P53 sense: 5ˊ- TCAACAAGATGTTTTGCCAACTG-3ˊ
antisense: 5ˊ- ATGTGCTGTGACTGCTTGTAGATG-3ˊ
HIF1-α sense: 5ˊ- TTCACCTGAGCCTAATAGTCC-3ˊ
antisense: 5ˊ- CAAGTCTAAATCTGTGTCCTG-3ˊ
β-actin sense: 5ˊ- TGAAGATCAAGATCATTGCTCCTC-3ˊ 
antisense: 5ˊ- AGTCATAGTCCGCCTAGAAGC-3ˊ

β-actin was used for normalization. Relative gene 
expression was calculated based on 2-ΔΔCT method. All 
experiments had three technical replicates.

Hypoxia treatment
ALL cell lines were cultured for 24 hours at 37°C in an 

anaerobic incubator (Ruskin Technologies, Pencoed, Wales, 
UK) with constant hypoxic environment (2% O2, 93% N2, 
and 5% CO2) and 90% humidity. The time of inducing 
hypoxic condition was selected based on previous studies 
(36). The cell lines cultured under Normoxia conditions 
were incubated in 5% CO2 at 37°C.
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Treatment with chemotherapy drugs and dose selection
The effects of the chemotherapy drugs L-asparaginase 

(ASP, Paronal, Christiaens, The Netherlands) and 
vincristine (VCR, TEVA Pharma, Utrecht, The 
Netherlands) were assessed on h19, c-myc, p53, and hif-
1α expressions in all of the cell lines. The logarithmic 
ranges of drugs were selected based on previous studies 
(2, 3). We used the 25-200 ng/mL doses of ASP and 2-16 
ng/mL doses of VCR in our experiments to determine the 
lethal concentration of 50% (LC50%). Next, we assessed 
the target gene expressions in the ALL cell lines.

MTT assay
Cell viability was performed by dimethylthiazol diphenyl 

tetrazolium bromide (MTT, Sigma, Chemical, St Louis, MO, 
USA). ALL cell lines were treated with VCR (25-200 ng/mL) 
and ASP (2-16 ng/mL) as mentioned above. Untreated cell 
lines were cultured as the control groups. After 48 hours, a 
standard concentration of MTT (10 µM) was added to every 
well and then 100 µM of dimethyl sulfoxide (DMSO) was 
added to dissolve the formazan. The optical density was 
evaluated using a microplate reader (Anthos2020, Salzburg, 
Austria) at 570 nm.

Annexin V-fluorescein staining assay 
After treatment with the chemotherapy drugs, we used 

BioscienceTM Annexin V-FITC Apoptosis in the ALL 
cell lines. Briefly, the cells were washed with phosphate-
buffered saline (PBS) and stained with propidium iodide 
(PI) and Annexin V (FITC) for 20 minutes at room 
temperature.  The samples were analyzed by a flow 
cytometer (FACScalibur, Becton Dickenson, MA, USA) 
with 10000 events acquired for each sample.

Statistical analysis
All data are presented as standard deviation (SD). We 

used Mann-Whitney U test to analyze two independent 
samples of patients’ data. A Mann-Whitney test is used 
when we have a continuous level variable measured 
for all observations in two groups and we want to test 
if the distribution of this variable is different in the two 
groups but we are unable to assume normality in both 
groups. Statistical analysis were done with student’s 
test for differences in each two-group comparison and 
one-way ANOVA was used to determine the differences 
among at least three groups. GraphPad Prism, version 
6.07 (GraphPad Software, USA) was used for statistical 
analysis. A P<0.05 was defined as statistically significant.

Results
H19 expression was upregulated in T and B 
lymphocytes from ALL patients

In this study 25 patients were enrolled. In experimental 
group, there were 17 males (68%) and 8 females (32%).  
In the control group, there were 11 males (55%) and 9 
females (45%). The H19 expression levels in B-ALL and 

T-ALL cases were 2.51 (1.81 to 4.12) and 4.72 (2.71 to 
9.48), respectively (Fig.1A). Our findings showed that 
H19 expression was higher in the experimental B-ALL 
(P<0.05) and T-ALL (P<0.01) samples in comparison to 
the control group. The BM microenvironment in ALL is 
hypoxic; a condition that controls the expressions of other 
genes, particularly H19. Therefore, we assessed HIF-1α 
expression in patients and healthy samples. The results 
showed a significantly high HIF-α expression in B-ALL 
(12 folds, P<0.01) and T-ALL (8 folds, P<0.001) patients 
compared to the control group (Fig.1B). Because H19 
and c-Myc, as well as P53, are frequently co-amplified 
in cancer, we examined the expression levels of c-Myc 
and P53 in the ALL patients and healthy subjects. P53 
expression was downregulated in both B-ALL (0.4-fold, 
ns) and T-ALL (0.3-fold, P<0.01) patients along with 
upregulation of c-Myc in B-ALL (3-fold, P<0.01) and 
T-ALL (7-fold, P<0.001) patients (Fig.1C, D). In addition, 
as seen in Supplementary section, flow cytometry 
analysis of isolated T and B lymphocytes showed that T 
cells expressed CD3 (98.3%) and B cells expressed CD19 
(88.7%) as control groups. Clinical sample characteristics 
are summarized in Table 1.

Table 1: The demographic and clinicopathologic characteristics of newly 
diagnosed ALL patients (25 patients)

Clinical factor Numbers/Percentage

Male 17 (68.0)

Female 8 (32.0)

Median age (Y) 28 (6-30)

BM blast 81 (20-95)

Median WBC (106/μl) 19000 (700-400000)

Immunophenotype B-ALL 15 (60.0)

CD19+median 69.8

CD20+median 11.2

CD22+median 42.8

Cyto CD 79α 63.8

CD34+median 42.8

TdT+median 51.5

Immunophenotype T-ALL 10 (40.0)

CD2+median 96.1

CD3+median 75.9

CD5+median 85.1

CD7+median 88.5

CD34+median 60.4

TdT+median 53.0

Data are presented as n (%) or %. BM; Bone Marrow, WBC; White blood 
cell, B-ALL; B-cell acute lymphoblastic leukemia, and T-ALL; T-cell acute 
lymphoblastic leukemia.
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H19 expression increased in ALL cell lines
We conducted an in vitro examination of H19 in the B 

and T lymphocyte-derived cell lines. The H19 expression 
levels in Jurkat and RPMI-8402 cells showed an almost 
equivalent increase in H19 expression (4.8 folds, 
P<0.05, Fig.2A). Expression of H19 in the B cell lines 
of Daudi and Ramos were 16 folds, P<0.01 and 6 folds, 
P<0.05, respectively (Fig.2B). This finding suggested 
that cell lines had higher H19 expression compared 
with the B and T lymphocytes. We also evaluated H19 
expression under hypoxic conditions after 24 hours. 
Interestingly, we found elevated expression levels 
of H19 in the T cell lines (about 4-folds, P<0.05) 

and B cell lines (at least 2-folds, Daudi ns, Ramous 
P<0.05, Fig.2C, D). To further assess the molecular 
mechanism of H19 in ALL pathogenesis, we treated 
the cell lines with VCR and ASP drugs. Expression of 
H19 decreased by (0.24-fold, P<0.05) and (0.4-fold, 
P<0.05) in the Jurkat and RPMI-8402 cells, and (0.22-
fold, P<0.05) and (0.29-fold, P<0.01) in the Daudi and 
Ramous cells, respectively. Treatment with ASP caused 
an insignificant downregulation of H19 expression in 
the ALL cell lines, with the exception of the Daudi 
cells (Fig.2E, F). These findings demonstrated that 
H19 expression was declined in treated cell lines in 
comparison to untreated cells.

Fig.1: Gene expression in patients with ALL. All gene expressions were detected by quantitative real time PCR. T and B cells were extracted from B-ALL 
(n=15) and T-ALL (n=10) patients and compared with healthy donors (n=20) as the control group. A. H19 expression in ALL patients and control group. 
B. HIF-1α, C. P53, and D. c-Myc expression levels in patient samples. Representative experiments performed in triplicate. The graphs demonstrate the 
standard deviation (SD). ALL; Acute lymphoblastic leukemia, B-ALL; B-cell acute lymphoblastic leukemia, T-ALL; T-cell acute lymphoblastic leukemia, PCR; 
Polymerase chain reaction, ns; Not significant, *; P<0.05, **; P<0.01, and ***; P<0.001.
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Evaluation of cell line viability after culture in the 
presence of chemotherapy drugs

We used the MTT method to evaluate the viability of 
the cell lines with different doses and concentrations of 
VCR and ASP for 48 hours. The mean viability among 
the control and the treated groups was significant and is 
shown in Supplements. LC50 values were evaluated at 

the specific drug concentrations used for the cytotoxicity 
assay. To determine the effects of VCR and ASP on 
apoptosis of the ALL cell lines, we examined apoptotic 
cell death through AnnexinV and PI staining. The results 
showed that treatment with VCR and ASP induced 
apoptosis, as apoptosis was higher in the treated groups 
compared to the untreated cells (Fig.3).

Fig.2: H19 expression in ALL cell lines. Gene expression was assessed by q-RT PCR. A, B. H19 expression was analyzed in both B and T ALL cell lines and 
compared to normal B and T cells, respectively. C, D. Analysis of H19 expression in cell lines after 24 hours of exposure to hypoxic stress. E, F. Expression of 
H19 was evaluated after treatment with VCR and ASP. The data are from three independent experiments, each done in triplicate. ALL; Acute lymphoblastic 
leukemia, q-RT PCR; Quantitative real-time polymerase chain reaction, VCR; Vincristine, ASP; L-asparaginase, ns; Not significant, *; P<0.05, and **; P<0.01.
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Fig.3: The effects of various doses of VCR and ASP on viability of ALL cell lines. A. MTT test was performed to investigate the survival of ALL cell lines at 
48 hours after treatment with VCR and ASP. B. Staining with Annexin-V and PI assessed apoptosis. The histogram demonstrates the ratio of apoptotic 
or necrotic cells. Annexin V-/PI-, Annexin V+/PI-, Annexin V+, and PI+ represented live cells, early apoptotic cells, late apoptotic cells, necrotic cells, 
respectively. The data are from two independent experiments, each done in duplicate. VCR; Vincristine, ASP; L-asparaginase, ALL; Acute lymphoblastic 
leukemia, MTT; Dimethylthiazol diphenyl tetrazolium bromide, VCR; Vincristine, ASP; L-asparaginase, and PI; Propidium iodide.

Fig.4: Expression of H19-related genes in the ALL cell lines. Gene expression was carried out through quantitative real-time PCR and the treated 
cell lines were compared with untreated controls.  A-C. Expression of c-Myc was evaluated in B- and T- ALL cell lines and its relative expression was 
measured after a 48 hours of treatment with VIN and ASP. D-F. The relative expression levels of P53 was measured in ALL cell lines and treated 
ones and compared to control group. The data are cultures from three independent experiments, each done in duplicate. ALL; Acute lymphoblastic 
leukemia, PCR; Polymerase chain reaction, VCR; Vincristine, ASP; L-asparaginase, ns; Not significant, *; P<0.05, **; P<0.01, and ***; P<0.001.
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Expressions of related genes in the ALL cell lines
H19 expression is related to various genes, particularly 

HIF-1α, P53, and c-Myc; therefore, we evaluated the 
expression levels of these genes in ALL cell lines. The 
relative expression of c-myc was significantly elevated in 
the T-ALL cell lines compared with the T-lymphocytes 
(about 4-folds, P<0.01 (Jurkat), P<0.001 (RPMI-
8402), and in the B-ALL cell lines compared with the 
B-lymphocytes (about 7-folds, P<0.001, Fig.4A). After 
treatment with VCR or ASP, c-Myc expression was 
significantly decreased in all cell lines; it was almost the 
same in Jurkat and Ramos cells after treatment. However, 
RPMI-8402 and Daudi cells had more robust decreases 
in c-Myc expression after treatment with ASP compared 
to VCR (Fig.4B, C). In contrast to the c-Myc expression 
pattern, there was a significant downregulation of P53 
expression in all of the cell lines, with the exception of 
Ramos cells (Fig.4D). On the other hand, P53 expression 
was upregulated remarkably in all cell lines treated with 
either ASP or VCR. P53 expression was significantly 

higher in the VCR-treated groups compared to the ASP-
treated Jurkat cells (9-folds, P<0.001 vs. 4-folds, P<0.01) 
and RPMI-8402 cells (10-folds vs. 6-folds, P<0.001), 
respectively. B cell lines had approximately the same 
expression pattern of P53 in the treated groups. Its 
expression was about 11.8 folds, P<0.001 in Daudi 
cells and about 5.7 folds P<0.01 in Ramous cells after 
treatment with VCR and ASP (Fig.4E, F). This finding 
showed that chemotherapy treatments upregulated 
P53 expression, but downregulated c-Myc, which may 
ultimately lead to downregulation of H19 expression. 
In addition, H19 expression in hypoxic condition 
was related to HIF-1a gene through blocking P53 
expression; therefore, we evaluated the expression 
level of HIF-1a and P53 in ALL cell lines. Expression 
of HIF-1a was upregulated in the B and T ALL cell 
lines (about 6-folds) (Fig.5A, B), whereas upregulation 
of P53 was observed in all cell lines (Fig.5C, D). 
This result showed that upregulation of H19 could be 
related to these genes in hypoxic condition.

 

Fig.5: Expression of c-Myc and P53 genes in the ALL cell lines after hypoxic condition. A, B. Expression of HIF-1a was evaluated by qRT-PCR after the 
cell lines were put into hypoxic condition for 24 hours. C, D. Expression of P53 was evaluated after exposure to the hypoxic condition in comparison to 
normoxic culture conditions. The data are cultures from three independent experiments, each done in triplicate. ALL; Acute lymphoblastic leukemia, qRT-
PCR; Quantitative real time polymerase chain reaction, *; P<0.05, and **; P<0.00.
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Discussion
Gene expression is involved in various physiological 

processes, including differentiation, apoptosis, cell 
proliferation, and metastasis, and is directly regulated by 
LncRNA. It has been suggested that these LncRNAs could 
acts as tumor suppressors or oncogenes that make them 
potential diagnostic and prognostic biomarker in cancers 
(12). The expression level of H19 and its presumptive role 
in ALL have not been entirely appreciated. In the present 
study, we found that the level of H19 expression increases 
in ALL patients that might have a tumor promoter in 
ALL, which is in harmony with other studies. In previous 
studies, Zhang et al. (22) have reported that upregulation 
of H19 expression in BM-MNCs from newly diagnosed 
AML patients; these changes were reported in eight 
cell lines derived from AML patients. In another study 
on hematologic malignancies, Guo et al. (20) observed 
higher expression of H19 in cell lines with Bcr-Abl 
transformation and in primary cells from patients with 
chronic myelogenous leukemia (CML). Downregulation 
of the H19 expression has been shown to sensitize 
leukemic cells to imatinib-induced apoptosis and inhibit 
tumor growth resulting from Bcr-Abl transformation. In 
addition to hematologic malignancies, other investigations 
also reported overexpression of H19 in numerous solid 
cancers such as hepatic, bladder, gastric, lung, and ovarian 
cancers (5). 

In our study, we evaluated H19 expression in ALL 
patients. Interestingly, an analogous increase in H19 
expression occurred in both T-ALL and B-ALL patients 
as well as in the cell lines; however, H19 expression was 
significantly higher in the cell lines. 

Previous studies verified the gene-gene interactions 
between H19 and crucial genes related to survival and 
proliferation, such as c-Myc and P53. Thus, we further 
assessed c-Myc expression in ALL. H19 and c-Myc 
expression levels were significantly increased in ALL 
patients and cell lines. We assumed that there could be 
a correlation between elevated expressions of these two 
genes. The Ramos and Jurkat cell lines had significantly 
higher c-Myc expression and significantly greater H19 
expression. The results of other studies showed that 
c-Myc could upregulate H19 expression, Guo et al. (20) 
observed this direct induction in K562 cell lines. They 
found that knockdown of c-myc expression significantly 
decreased H19 expression. The same relationship has 
been also reported in breast, esophageal, and colorectal 
tumors (21, 22).

In contrast to c-Myc, which has been demonstrated 
to increase H19 expression and enhance cell growth 
and tumorigenesis, P53 is the most important tumor 
suppressor gene in cancer that is negatively associated 
with H19 expression. p53 not only represses the 
promoter activity of the H19 gene, it also suppresses H19 
expression at the epigenetic level (9). Dugimont et al. (28) 
reported the inhibitory effect of P53 on H19 expression 
by the luciferase assay in HeLa (cervical cancer) and 

Calu-6 (human pulmonary adenocarcinoma) cell lines. 
This was also confirmed in the AGS cell line (gastric 
cancer), where ectopic H19 expression increased cell 
proliferation, and H19 siRNA treatment was associated 
with P53 inactivation and cell apoptosis (37). Our 
findings demonstrated an inverse relationship between 
P53 and H19 expressions. We observed decreased P53 
expression in the ALL patients along with elevated H19 
expression. The same correlation occurred in the cell 
lines where higher expression of H19 co-occurred with 
decreased P53 expression. 

Apart from gene-gene interactions, environmental 
stimuli could effectively change the cellular process, and 
particularly affect cell growth and apoptosis, as well. 
Notably, previous studies have indicated that hypoxic 
stress induces H19 expression and could increase cell 
proliferation in malignancies. It has been confirmed 
that hypoxia regulates leukemia progression and causes 
resistance to radiotherapy and chemotherapy (33, 38). 
HIF-1α is a key regulator of the hypoxic response and a 
major oxygen homeostasis regulator. It is a crucial factor 
that is responsible for H19 RNA induction under hypoxic 
conditions by inhibiting P53 expression (39).

Matouk and colleagues demonstrated that hypoxia 
upregulates H19 expression via an inhibitory effect of 
HIF-1a on P53 expression in hepatocellular and bladder 
carcinoma (25). In another study, they manipulated 
different lineage sources of carcinoma and overexpressed 
H19. This modification was along with a decreased level 
of P53 expression. They demonstrated a tight connection 
between the P53 gene and H19 expression under hypoxic 
stress, which was determined by semi-quantitative RT-
PCR. These researchers  also found that  knockdown of  
HIF-1α remarkably diminished h19 expression under 
hypoxic condition (35).

H19 expression was significantly increased in ALL 
patient samples, which could be due to hypoxia-like 
conditions in BM. The ALL cell lines confirmed that 
the hypoxic condition and HIF-1α induction caused P53 
suppression and a simultaneous up-regulation of H19.

We examined the expression of H19 and its related 
genes in B and T ALL patients and cell lines. Next, we 
examined the potential application of H19 in therapeutic 
conditions by treating the ALL cell lines with two common 
chemotherapy drugs prescribed for ALL patients, VCR 
and ASP. Next, we evaluated the expressions of H19 
and its associated genes following drug treatments. 
Expression of H19 in the treated leukemia cell lines was 
downregulated compared to the untreated cell lines. In 
addition, assessment of the related genes demonstrated 
that suppression of H19 occurred along with significantly 
elevated P53 and lower c-Myc expressions. This pattern 
could suggest the possible prognostic applications of 
H19 in patients with ALL. Several studies also explored 
the role of H19 in the clinical status of cancer patients. 
Zhang et al. (22) reported that H19 overexpression 
correlated with poor overall survival and chemotherapy 
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response among AML patients. However, H19 expression 
in patients with AML who achieved complete remission 
after induction therapy was lower compared to the patients 
with relapses. In another study, Guo et al. (20) found 
that tumor formation was attenuated by h19 knockdown 
in a mouse xenograft model. They observed that H19 
repression in K562 cell line could significantly inhibit 
tumor progression. Knocking down H19 RNA by siRNA 
resulted in inhibiting tumorigenicity in hepatocellular cells 
(Hep3B) and human bladder carcinoma cells (UMUC3)  
in vivo (25).

Conclusion
It has been demonstrated that H19 expression might 

act as a novel target for prognosis prediction as well as 
the means for assessing the clinicopathologic features in 
various cancers. Our findings show that the expression 
of H19 increased in B and T ALL patients and cell lines, 
which may be related to the expression of P53, c-Myc, and 
HIF-1α. Interestingly, H19 expression was significantly 
upregulated by hypoxic condition, while a decreased 
expression of this gene was observed after treatment 
with chemotherapy drugs. Although our study suggests 
that H19 could be accounted for a potential therapeutic 
target or useful predictive biomarker in ALL patients, 
further investigation is needed to identify the molecular 
mechanisms underlying H19 function in pathological 
process and/or carcinogenesis in this disease.
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Abstract
Objective: Exercise can attenuate mitochondrial dysfunction caused by aging. Our study aimed to compare 12 
weeks of high-intensity interval training (HIIT) and moderate-intensity continuous training (MICT) on the expression 
of mitochondria proteins [e.g., AMP-activated protein kinase (AMPK), Estrogen-related receptor alpha (ERRα), p38 
mitogen-activated protein kinase (P38MAPK), and Peroxisome proliferator-activated receptor gamma coactivator 
1-alpha (PGC1-α)] in gastrocnemius muscle of old female rats.  
Materials and Methods: In this experimental study, thirty six old female Wistar rats (18-month-old and 270-310 g) were 
divided into three groups: i. HIIT, ii. MICT, and iii. Control group (C). The HIIT protocol was performed for 12 weeks with 
16-28 minutes (2 minutes training with 85-90% VO2max in high intensity and 2 minutes training with 45-75% VO2max low 
intensity). The MICT was performed for 30-60 minutes with the intensity of 65-70% VO2max. The gastrocnemius muscle 
expression of AMPK, ERRα, P38MAPK, and PGC1α proteins were determined by Western blotting.  
Results: The expression of AMPK (P=0.004), P38MAPK (P=0.003), PGC-1α (P=0.028), and ERRα (P=0.006) in HIIT 
was higher than C group. AMPK (P=0.03), P38MAPK (P=0.032), PGC-1α (P=0.015), and ERRα (P=0.028) in MICT 
was higher than the C group. Also expression of AMPK (P=0.008), P38MAPK (P=0.009), PGC-1α (P=0.020) and ERRα 
(P=0.014) in MICT was higher than MICT group. 
Conclusion: It seems that exercise training has beneficial effects on mitochondrial biogenesis, but the HIIT training 
method is more effective than MICT in improving mitochondrial function in aging.  
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Introduction
Aging is a natural, progressive and damaging process 

that is associated with various damages and reduction of 
functional efficiency in cells and tissues homeostasis over 
time (1, 2). Any discovery in cellular and molecular biology 
introduces a new family of aging theories, all of which will 
increase our perception of the aging process (3). Studies 
have shown that sarcopenia, or muscle atrophy, is associated 
with impaired muscle cell metabolism and disorder in ATP/
ADP ratio, activated kinase protein of AMP (AMPK); This 
process is mediated by increased tumor necrosis factor alpha 
(TNF-α), oxidative stress and anabolic signaling pathways, 
such as Peroxisome proliferator-activated receptor gamma 
coactivator 1-alpha (PGC1-α), p38 mitogen-activated protein 
kinases (P38MAPK)/Extracellular signal-regulated kinase 
(ERK)1/2 and c-Jun N-terminal kinases (JNKs) (4, 5). Almost 
all aging theories enumerate mitochondria dysfunction as 
one of the most critical factors in the aging process. This 
mitochondrial dysfunction is a multifactorial process in 
which DNA damage and enzymatic disorder are the most 
important processes (6). AMPK and P38MAPK are vital in 
Mitochondrial biogenesis. One of its downstream proteins, 

PGC1-α, is a multitask protein serving as a switch molecule, 
and this protein can increases the biogenesis of mitochondria 
by activating transcription factors such as nuclear respiratory 
factors 1 and 2 (NRF-1/2) and estrogen-related receptor 
alpha (ERRα) (7). Activation of these replicating factors 
increases the expression of mitochondrial transcription factor 
A (Tfam) and Mitochondrial transcription factor B1 and 
B2 (TFB1/2M). NRF1-2 is necessary to duplicate, replicate 
and maintain mtDNA (8, 9). Aging decrease the content of 
mitochondrial proteins (10). The researchers stated that the 
disorder of mitochondrial function in aging rats with telomere 
disorder had been correlated with rates of AMPK and PGC-
1α suppression (6). 

But regular exercise/training is a critical therapeutic 
intervention for aging, and it can improve brain function 
and metabolic disorders, attenuate sarcopenia, and 
increase mitochondrial oxidative capacity (11). According 
to studies, exercise training can lead to insulin-like 
growth factor-1 (IGF-1)/Ak/mTOR signaling activation 
mechanisms, as well as FoxOs/Nuclear transcription 
factor kappa-B (NF-κB) and MAPKs. Also, exercise 

11-16



Cell J, Vol 25, No 1, January 2023 12

Mitochondrial Biogenesis Promoted by HIIT

training increases NRF1/2, improves protein synthesis, 
and increases mitochondrial biogenesis in skeletal muscle 
(5, 12). The net effect of exercise depends on its variables; 
among them, intensity is the most important. Intense 
exercise training can lead to a higher reduction in ADP 
& AMP levels, making a better stimulation for AMPK 
activation.

Moreover, reports indicate that the type, intensity, and 
duration of exercise affect the expression of mitochondrial 
biogenesis proteins (8). Short-term, high-intensity 
endurance exercise and long-term aerobic swimming 
training increased SIRT1 and PGC-1α proteins in muscles 
(9). Another study showed the HIIT, and MICT drastically 
increased protein contents of PGC-1α and mtDNA 
expression. Soleus muscle was decreased in both inactive 
elderly rats versus inactive juveniles (10). Soleus muscle 
protein PGC-1α increased 2.3-fold in active elderly mice 
compared to inactive elderly mice (11, 13, 14). It has 
also been reported that the expression of mitochondrial 
biogenesis proteins, especially MAPK, NRF1-2, Tfam, 
SIRT1, and PGC1α, increased significantly in young 
people following high-intensity interval training (HIIT) 
compared to moderate intensity continuous training 
(MICT) (9). Although studies have examined the effect 
and intensity of endurance training on mitochondrial 
biogenesis in skeletal muscle, it seems that the difference 
in the type and intensity of exercise and its effect on 
mitochondrial function markers in sarcopenia is not well 
understood; in addition, due to the differences during the 
training period and adaptation to training, conducting 
studies with long-term training is very important in 
obtaining more information compared to the two types 
of exercise. So this study aimed to determine the effects 
of 12 weeks of HIIT and  MICT on the expression of 
mitochondria proteins in old female rats.

Materials and Methods 
This experimental study was performed in compliance 

with all ethical principles of working with laboratory 
animals and was approved by the Ethics Committee of 
the Faculty of Physical Education, University of Tehran 

(IR.UT.SPORT.REC.1397.021). In this study, 36 female 
elderly Wistar rats (18-month-old) (1, 15) were bought 
from the Pasteur Institute of Iran and randomly divided 
into three groups: HIIT, MICT, and control (C) groups. 
Rodent housed in a standard lab (12-hour light-dark cycle 
with an average temperature of 22-23°C and a humidity 
of 45%) with free access to water and food in the Faculty 
of Physical Education, University of Tehran. In addition, 
the rats in this study were kept in washable polycarbonate 
cages; a sterile wood grater was used to absorb moisture 
from the cages. All protocols conformed with the Guide 
Laboratory Animals for The Care and Use. 

Maximum oxygen consumption determination 
Rats were introduced to living conditions in the 

laboratory and trained on how to run on a treadmill for 
five days. The rat’s maximum oxygen consumption 
(VO2max) was assessed using an incremental test 
described by Høydal et al. (16). In summary, rats 
warmed up for 10 minutes at a speed of 10 meters 
per minute. Subsequently, they entered the test stage. 
Every two minutes, the treadmill’s speed increased 
by 0.03 m/s until the rats could not continue the test 
(unable to run on the treadmill and go to the end 
space of the treadmill). After the exercise test was 
completed, the velocity at which the rat ran (last 
velocity in the exhaustion phase) was recorded. The 
VO2max was measured using the equation y=162x-1 
where y represents oxygen consumption in milliliters 
per minute per kilogram of body weight and x, 
indicates the maximum speed of running per meters 
per second). 

Exercise protocol
Both HIIT and MICT protocols consisted of three parts: 

warm-up, main body, and cool down, as described in Tables 
1 and 2. The following formulas were used to equalize 
the training load.   Total training time in HIIT group: 
(minutes*intensity of work interval)+(minutes*intensity 
of rest interval). Total training time in MICT group:  
minutes*intensity).

Table 1: High-intensity interval training (HIIT) protocol

Total training timeCool downRest interval Work interval Warm upWeek

14 minutes3 minutes with running 
45-50% VO2max

4 two-minutes repetitions 
45-50% VO2max

4* (two-minute running 
with 85-90%  VO2max

3 minutes with running 
45-50% VO2max

1st and 2nd 

16 minutes3 minutes with 45-50% 
intensity VO2 max 

5 two-minutes repetitions 
45-50% VO2 max

5 two-minute repeated 
training 85-90% VO2 max

3 minutes- 45-50% VO2 max3rd, 4th, and 5th 

20 minutes3 minutes with 45-50% 
intensity VO2 max 

7 two-minutes repetitions 
45-50% VO2 max

7 two-minute repeated 
training 85-90% VO2 max

3 minutes- 45-50% VO2max6th, 7th, and 8th

20 minutes3 minutes with 45-50% 
intensity VO2 max 

7 two-minutes repetitions 
45-50% VO2 max

7 two-minute repeated 
training 85-90% VO2 max

3 minutes- 45-50% VO2max9th, 10th, 11th, 
and 12th
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Table 2: MICT protocol

Total training timeCool down Training body Warm upTraining weeks 

36 minutes3 minutes, 45-50% VO2max65-70% VO2max for 30 minutes3 minutes, 45-50%VO2maxTwo first weeks

51 minutes3 minutes, 45-50% VO2max65-70% VO2max for 45 minutes3 minutes, 45-50%VO2max3rd, 4th   and 5th weeks

56 minutes3 minutes, 45-50% VO2max65-70% VO2max for 50 minutes3 minutes, 45-50%VO2max6th, 7th, 8th weeks 

66 minutes3 minutes, 45-50% VO2max65-70% VO2max for 60 minutes3 minutes, 45-50%VO2max9th, 10th, 11th and 12th weeks 

Measurement procedures
Two days after the last training session, rats were 

anesthetized using ketamine and xylazine. Their left 
gastrocnemius muscle was extracted and immediately 
frozen in liquid nitrogen and kept at -80˚C until further 
analysis. Western blot was used to study AMPK, ERRα, 
P38MAPK, and PGC1α proteins levels. First, 100 mg 
of gastrocnemius muscle tissue was homogenized with 
200 μl of Rippa lysis buffer, and then, the sample was 
centrifuged for 20 minutes at 1300 rpm at 4˚C. The 
supernatant was transferred to a 1 cc microtype, and 
0.5 l was poured into another microtype to determine 
the protein concentration using nanodrop. The protein 
concentration in all samples was diluted with a certain 
ratio. Stacking gel and separating gel required for 
agarose gels were prepared using the materials needed. 
Subsequently, wells were created to pour the sample. 
Samples were poured into wells and placed in X1 
electrophoresis buffer. After this step, the protein was 
transferred from the gel to PVDF paper. The primary 
antibodies AMPK (Ab191838, Cambridge Science Park, 
Cambridge, UK) and ERRα (Ab131607, Cambridge 
Science Park, Cambridge, UK) were diluted 1 to 1000 
and used. After 24 hours of PVFD paper quenching, 
a diluted secondary antibody of 1 to 1000 was used. 
GAPDH was also used as a control protein, and finally, 
colored substrate (ECL) was added to PVDF paper in 
the dark room. After a few seconds, the emergence 
films were placed on paper. The emergence films were 
immediately transferred to the fixation and emergence 
solutions. After the desired protein bands appeared 
on the film strips, the films were photographed, and 
the size of each band was calculated using Image J 
software. 

Statistical analysis
Shapiro-Wilk test was used to assess the data normality, 

and one-way analysis of variance (ANOVA) and Tukey 
post hoc tests were used to compare the data between 
groups. Data analysis was performed using SPSS software 
version 16 packaged by National Opinion Research 
Center (NORC), at the University of Chicago, and 
Microsoft Office software such as Excel and PowerPoint 

was used to design the graphs. The significance level was 
considered less than 0.05.

Results 

The results of ANOVA showed that there was a 
significant difference between groups in AMPK 
(P=0.001), ERRα (P=0.001), P38MAPK (P=0.0013), and 
PGC1α (P=0.002). 

Tukey’s post hoc test showed that AMPK in both HIIT 
(P=0.004) and MICT (P=0.03) groups was higher than the 
C group and in HIIT was higher than the MICT group 
(P=0.008, Fig.1). 

Fig.1: The ANOVA test results for expression rates of AMPK/GAPDH in 
research groups. *; P≤0.05, **; P≤0.01 increased AMPK in MICT and HIIT 
groups compared to the C group, and ##; P≤0.01 increased AMPK in the HIIT 
group compared to the MICT group. MICT; Moderate-intensity continuous 
training and HIIT; High-intensity interval training.

Also, the levels of P38MAPK protein in the MICT 
(P=0.032) and HIIT (P=0.003) groups significantly 
increased compared to the C group. Also, the levels of 
P38MAPK protein in the HIIT group showed a significant 
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increase compared to the MICT group (P=0.009, Fig.2). 

Fig.2: The ANOVA test results for expression rates of ERRa/GAPDH in 
research groups. *; P≤0.05, **; P≤0.01 increased ERRa in MICT and HIIT 
groups compared to the C group, and ##; P≤0.01 increased ERRa in the HIIT 
group compared to the MICT group. MICT; Moderate-intensity continuous 
training and HIIT; High-intensity interval training.

The level of PGC-1α protein in the MICT (P=0.015) 
and HIIT (P=0.028) groups significantly increased 
compared to the C group. The level of PGC-1α protein 
in the HIIT was higher than the MICT group (P=0.020, 
Fig.3). 

Fig.3: The ANOVA test results for expression rates of PGC1-a/GAPDH in 
research groups. *; P≤0.05, **; P≤0.01 increased PGC1-a in MICT and HIIT 
groups in comparison to the C group, and ##; P≤0.01 increased PGC1-a in 
the HIIT group compared to the MICT group.

Also, ERRα protein in the MICT (P=0.028) and HIIT 
(P=0.006) groups was higher than in the C group. ERRα 
protein levels in the HIIT group increased significantly 

compared with the MICT (P=0.014) group (Fig.4). 

Fig.4: ANOVA test results for expression rates of P38MAPK/GAPDH in 
research groups. *; P≤0.05, **; P≤0.01 increased P38MAPK in MICT and 
HIIT groups compared to the C group, and ##; P≤0.01 increased P38MAPK 
in the HIIT group compared to the MICT group. MICT; Moderate-intensity 
continuous training and HIIT; High-intensity interval training.

Discussion 
In this study, the effect of HIIT and MICT on total 

protein levels of AMPK, ERRα, P38MAPK, and 
PGC1α in the gastrocnemius muscle of aging rats was 
compared. This study showed that both HIIT and MICT 
models increased the amounts of proteins involved in 
mitochondrial biogenesis. The population of elderly 
women in the last century has increased due to increased 
life expectancy. With the onset of menopause in these 
women, estrogen secretion is disrupted; this factor is 
one of the leading causes of problems in elderly women, 
such as osteoporosis, sarcopenia, muscle atrophy, and 
decreased physical function (4). Physical activity increases 
oxidative capacity and muscle function. This adaptation 
is partly due to the exercise-induced increase in proteins 
involved in the transport and oxidation of metabolic 
substrates and the increase in mitochondrial content. 
Therefore, exercise may improve cellular metabolism. 
The mechanism of mitochondrial biogenesis seems to be 
multifactorial. Still, exercise intensity is one of the most 
critical factors in activating proteins in this pathway. The 
important finding of this study was that HIIT increased 
the amounts of AMPK, ERRα, P38MAPK, and PGC1α 
in the gastrocnemius muscle of aging rats more than 
MICT. These results highlight the importance of intensity 
in exercise-induced mitochondrial biogenesis. In line 
with our results, it has been shown that high-intensity 
exercise causes more cellular stress than low-intensity 
exercise, providing better stimulation for mitochondrial 
biogenesis (17). Granata et al. (18) showed that sprint 
interval training (SIT) had a more significant effect on 
mitochondrial function than HIIT.
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Improving the lactate threshold could lead to better 
mitochondrial function, and because SIT is more 
effective in enhancing the lactate threshold, it causes 
more improvements in mitochondrial function. In other 
words, increasing exercise intensity enhances ADP and 
AMP production, which in turn increases ADP, AMP/
ATP ratio and activates AMPK, an upstream of ERRα 
and PGC-1a (10). In addition to AMPK, it is also 
possible that activation of beta (2) -adrenergic receptor 
by catecholamines stimulates PGC-1α expression through 
an increase in cAMP levels and thus activation of CREB 
(AMP-responsive element-binding) transcription factors 
(19, 20). It seems that the same happens in aging rates 
because three weeks of endurance training with 85-90% 
of VO2max increased the expression of PGC-1α, Tfam, 
and AMPK in the Soleus muscle (21, 22). HIIT training 
compared to MICT leads to a more significant increase 
in aerobic capacity (21). Increased cardiorespiratory 
capacity seems to be associated with increased stroke 
volume and cardiac output (23).

Furthermore, increased stroke volume and cardiac 
output are likely associated with the more significant 
cardiac challenge due to HIIT exercise program rotations. 
Increasing VO2max leads to a further increase of oxidative 
capacity and, ultimately, more mitochondrial content. 
Therefore, one of the reasons for the further increase 
in PGC-1α protein synthesis is the increase in VO2max 
induced by HIIT (23, 24). The intensity of exercise is one 
of the influential factors in improving the condition of 
mitochondrial biogenesis in the elderly. Intense training, 
including HIIT, increases the AMP/ADP/ATP ratio, 
followed by a further increase in AMPK. This factor 
can further increase ERRα and PGC-1a (as an upstream 
factor) (18, 25). Green et al. (26) examined the metabolic 
stress during exercise in a steady state following ten days 
of 30 or 60 minutes of cycling at a low, medium, and 
high intensity (60-86% VO2max). Their study showed that 
following higher-intensity exercise, the cumulative levels 
of AMP and ADP and depletion of phosphocreatine occur 
in the muscle. Recently, a study has shown that increasing 
the volume of HIIT exercise (with increasing frequency 
and duration) increases the muscles’ mitochondrial 
content (10).

Therefore, exercise frequency is also one of the effective 
factors in increasing mitochondrial biogenesis (18). 
Other factors appear to be involved in increasing AMPK 
expression. Furthermore, indicators such as SIRT1 and 
p53 as upstream factors can affect AMPK activity and 
expression. PGC-1α can also directly induce DNA to 
transcribe P53 (27). It seems that Short-term muscle 
activity can lead to P53 activation by increasing AMPK 
and P38MAPK levels.

Nevertheless, the intensity of exercise has been shown 
to be an essential factor in increasing p53 expression in 
order to increase PGC-1α expression. In such a way that 
only periodic rapid exercise increased p53 (25). So it 
seems that the intensity of exercise training is an important 
factor in increasing p53 expression, which has not been 

measured in this study to justify higher expression levels 
of PGC-1α compared to CT. 

Conclusion 
HIIT appears to improve mitochondrial function by 

increasing PGC-1α and ERRα levels. Probably one of the 
reasons for the increase in mitochondrial proteins in the 
gastrocnemius muscles is the training nature of HIIT (short 
and severe episodes). Considering the favorable effects of 
HIIT training on mitochondrial biogenesis compared to 
continuous training, it is suggested to use HIIT training 
to improve muscle performance in the elderly. However, 
considering the effect of IGF-1/Akt in inhibiting muscle 
atrophy and their impact on MAPK activation, it seems 
that the lack of evaluation of IGF-1/Akt/mTOR pathway 
is one of the limitations of this study. Therefore, studying 
hypertrophy signaling pathways under the influence of 
type and intensity of exercise in sarcopenia should be 
considered in future studies. Also, ATP and ADP are 
known as mitochondrial function indices, so in this study, 
the lack of measurement of ADP/ATP ratio is another 
limitation of the present study. Therefore, it is suggested to 
evaluate more physiological and pathological parameters 
of mitochondria in future studies.
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Abstract
Objective: Although the role of obesity and diabetes mellitus (DM) in male infertility is well established, little information 
about the underlying cellular mechanisms in infertility is available. In this sense, nuclear factor kappa-B (NF-kB) has 
been recognized as an important regulator in obesity and DM; However, its function in the pathogenesis of male 
infertility has never been studied in obese or men who suffer from diabetes. Therefore, the main goal of current research 
is assessing NF-kB existence and activity in ejaculated human spermatozoa considering the obesity and diabetics 
condition of males.
Materials and Methods: In an experimental study, the ELISA technique was applied to analyze NF-kB levels in sperm 
of four experimental groups: non-obese none-diabetic men (body mass index (BMI) <25 kg/m2; control group; n=30), 
obese non-diabetic men (BMI >30 kg/m2; OB group; n=30), non-obese diabetic men (BMI <25 kg/m2; DM group; n=30), 
and obese diabetic men (BMI >30 kg/m2; OB-DM group; n=30) who were presented to Royan Institute Infertility Center. 
In addition, protein localization was shown by Immunocytofluorescent assay. Sperm features were also evaluated using 
CASA. 
Results: The diabetic men were older than non-diabetic men regardless of obesity status (P=0.0002). Sperm progressive 
motility was affected by obesity (P=0.035) and type A sperm progressive motility was affected by DM (P=0.034). The 
concentration of sperm (P=0.013), motility (P=0.025) and morphology (P<0.0001) were altered by obesity × diabetes 
interaction effects. The NF-kB activity was negatively influenced by the main impact of diabetics (P=0.019). Obesity 
did not affect (P=0.248) NF-kB activity. Uniquely, NF-kB localized to the midpiece of sperm and post-acrosomal areas.
Conclusion: The current study indicated a lower concentration of NF-kB in diabetic men, no effect of obesity on NF-kB 
was observed yet. Additionally, we revealed the main obesity and diabetes effects, and their interaction effect adversely 
influenced sperm characteristics.  

Keywords: Diabetes Mellitus, Nuclear factor kappa-B, Obesity Morbid, Spermatozoa, Type II
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Introduction
Obesity and diabetes mellitus (DM) are the most 

prevalent health threats in several countries increasing 
rapidly. In addition, infertility caused by male factors 
is associated with diabetes and overweight/obesity 
(1). There seems to be mediated through complex 
mechanisms, including chronic systemic low-grade 
inflammation, insulin resistance, oxidative stress, 
and hyperleptinemia (2). More than 30 percent of 
the world’s population suffers from obesity. Some 
sexual problems such as low-quality semen, erectile 
dysfunction, and subclinical prostatitis have been 
reported in obese men (3). Similarly, DM was 

introduced by excess blood sugar due to impaired 
insulin action. Negative effects of DM on pre-
testicular, testicular, and post-testicular levels have 
been reported (4). Patients with hypogonadism 
develop through central hyperleptinemia or 
hypothalamic pulsatile GnRH secretion changes in 
overweight or obese patients (5) and Leydig cell 
function changes (6). Mechanisms that lead to the 
reduction of serum levels of testosterone. In addition, 
glucose metabolism plays an essential role in 
spermatogenesis, and numerous human and animal 
studies have confirmed the impacts of diabetes on 
male sexual function, seminal fluid parameters, 
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nuclear DNA, and chromatin quality (7).
The adverse effects of obesity and DM on male 

fertility are established well (1, 2), but little information 
on the mechanisms of molecular approaches and 
infertility problems in diabetic and obese patients 
is available (8). Therefore, the transcription factor 
activity found in sperm is part of the mechanisms 
involved in infertility or subfertility in obese or DM 
patients. Spermatozoa is a unique cell that experiences 
two different physiological and metabolic stages during 
its lifetime. In the reproductive tract, spermatozoa 
are quiescent cells while they become metabolically 
active after ejaculation (9). Increased expression of 
pro-inflammatory cytokines in adipose tissue of obese 
and DM patients, blood was the first indication that 
inflammatory mediators and obesity/diabetes were related 
(7). Recently, it has been hypothesized that high levels 
of pro-inflammatory factors in diabetic patients lead to 
the activation of nuclear factor-kappa-B (NF-kB), which 
mediates inflammatory and metabolic responses in part 
through cross-talk with peroxisomal proliferator-activated 
receptors (PPARs) (10). NF-kB is a major transcription 
factor that regulates genes responsible for the innate and 
adaptive immune response (11). It also plays an important 
role in regulating apoptosis in a germ cell of human testis 
tissue (12, 13). NF-kB activation under DM/obesity is a 
consequence of mild chronic inflammation, exposure to 
high glucose [advanced glycation end products: (AGEs)], 
and free fatty acids. NF-kB signaling and production of 
pro-inflammatory mediators in the liver contribute to 
insulin resistance in the early stages of DM, Whereas NF-
kB activation in adipose tissue macrophages is required 
to propagate inflammation and promote systemic insulin 
resistance in muscle and other insulin-sensitive tissues, 
which is required for PPARγ in adipose tissue (14). 
While the crucial roles of PPARγ pointed out (15), scarce 
report exists on the NF-kB status and activity for sperm 
as well as male fertility (13, 16). According to the works 
of literature, the activity of NF-kB in spermatozoa of 
men with obesity or DM which may differ from that of 
obese men with DM has not been studied yet. With this 
background, the current study aimed to monitor NF-kB 
presence and activity in ejaculated human spermatozoa 
with a focus on the situations associated with DM and/
or obesity.

Materials and Methods
Study population and experimental groups

After obtaining permission from the Ethics Committee 
of the National Institute of Medical Research Development 
(NIMAD), Tehran, Iran (IR.NIMAD.REC.1398.024), 
samples and demographic information were collected at 
the Royan Institute Infertility Center, a referral infertility 
clinic in Tehran, Iran. This experimental study, as part of 
a master plan, involved 120 Iranian men who attended 
Royan Institute including group I: control (n=30); men 
with normal weight and non-diabetes mellitus; group II: 
obese (BMI ≥ 30 kg/m2; n=30) and non-diabetic mellitus 

men (Ob); group III: non-obese diabetic men (n=30) 
(Nob-DM); and group IV (n=30): obese diabetic men 
(Ob-DM). Diagnostic criteria for non-diabetic men were 
glucose levels below 110 mg/dL and HbA1C levels below 
5.7%. Furthermore, the use of insulin was an exclusion 
criterion for diabetic men. Signed informed consent was 
obtained from all subjects to use their semen and personal 
information for research purposes.

After registration, a questionnaire containing demographic 
information, medical and drug history, smoking status, 
alcohol consumption, fertility history, and surgical history 
was completed by each participant. Men with a history of 
azoospermia, genital infections, varicocele, and debilitating 
chronic medical diseases (cerebrovascular, cardiovascular, 
sexually transmitted diseases, systemic diseases, and 
acute infections) were excluded from the study. BMI was 
calculated with the formula of weight/(height2) (kgm2-) 
and classified into normal weight (BMI 18-25 kg/m2) and 
obese (BMI≥30 kg/m2). All participants sustain a physical 
examination including anthropometric measurements 
(height and body weight, waist circumference (WC), and 
hip circumference (HC). WC and HC along with the ratio 
of waist to HC were also measured.

Collection and analysis of semen
Semen samples were collected after 2 to 5 days 

of sexual abstinence according to the World Health 
Organization (WHO 2010). Semen volume was 
measured with conical graduated tubes. The CASA 
system [Sperm Class Analyzer Software (SCATM, 
Microptic, version 4.2, Barcelona,   Spain)] is used to 
assess sperm motility and concentration. The system 
consisted of a phase contrast microscope (NikonTM 
Eclipse E-200, Japan) with a thermal plate. The Images 
were captured with a video camera (Basler Vision 
TecnologieTM A312FC, Ahrensburg, Germany) at 50 
fps and 100x magnification. Haemocytometer method 
with counting chamber Neubauer improved bright 
lines by measuring sperm concentration in million/
milliliters (M/mL) (Carl Roth™, Karlsruhe, Germany) 
(17). A Makler chamber was used for motility scoring. 
In this study, we only evaluated sperm progressive and 
general movements (18).

Blood sampling and analysis methods 
Biochemical markers such as serum glucose 

concentration were measured using a standard enzymatic 
method (Roche Diagnostics GmbH, Mannheim, 
Germany). Serum insulin levels were measured using 
an electro-chemiluminescence immunoassay (ECLIA) 
kit (Roche Diagnostics GmbH, Mannheim, Germany). 
Glycosylated hemoglobin (HbA1C) was determined 
using the Nyco Card Reader II analyzer according to 
the manufactured instructions for use. Evaluation of the 
homeostasis model of insulin resistance (HOMR-IR) 
based on the formula: fasting insulin (microU/L)×fasting 
glucose (nmol/L)/22.5 was calculated.



Cell J, Vol 25, No 1, January 202319

Fig.1: Nuclear factor kappa-B (NF-kB) protein activity in human spermatozoa. A. NF-kB protein content in obese vs. none-obese men (P=0.248). B. NF-
kB protein content in diabetic vs. none-diabetic men (P=0.019). C. NF-kB protein content in experimental groups (P=0.52). a,b; Columns with different 
superscripts are different.

Abbasihormozi et al.

NF-kB protein analysis and Immunocytofluorescent assay
For the detection of NF-kB protein levels, the validated 

method by ELISA was used (19). The total protein 
was extracted from equal amounts of cells (~1×107 
sperm) in all samples using phosphate-buffered (PB). 
Sperm proteins were collected in the supernatant and 
concentrations were determined by a BCA protein assay 
kit (Thermo Fisher Scientific, USA). After that, the 
NF-kB /p65 Active ELISA kit was used to measure the 
binding activity of free NF-kB p65 in nuclear extracts. 
The analysis was performed using the sandwich ELISA 
method, according to the manufacturer’s instructions. 
Supernatants containing the solubilized nuclear proteins 
were collected, and the quantity of NF-kB in the nuclear 
fractions was measured with an NF-kB p65 ELISA kit, 
(cat. no. ab176647; Abcam, Cambridge, UK) according to 
the manufacturer’s instructions. For protein localization by 
Immunocytofluorescent Assay, sperm cells were washed 
in phosphate-buffered saline (PBS, Sigma, USA, 1X), and 
a uniform smear was prepared on Poly-L-Lysine coated 
slides. Cells were then fixed in paraformaldehyde 4% 
(w/v), washed in PBS-Tween 0.05% (v/v), permeabilized 
with Triton X-100 (0.5%) and resuspended in 10% (v/v) 
secondary host serum were blocked. Finally, primary and 
secondary antibodies were used. Also, a slide without a 
primary antibody was used as a negative control for each 
sample (9).

Statistical analysis 
Quantitative variables were presented as mean ± 

standard deviation (SD). Qualitative variables were 
presented as percentages. Data were initially tested for 
normal distribution using the Kolmogorov-Smirnov test, 
and non-normally distributed data were log-transformed 
before analysis. The data of four groups (control, obese, 

diabetic and obese and diabetic) were analyzed using the 
General Linear Model (GLM) method of SAS software, 
in which the main and reciprocal effects of obesity and 
diabetes on the dependent variable were investigated 
(SAS 9.4). Multiple comparisons were performed using 
the LSMEENS statement. Differences at P≤0.05 were 
considered significant.

Results
Comparison of age, BMI, waist circumference, 

hip circumference, waist-to-hip ratio (WHR), semen 
parameters, fasting blood sugar (FBS), hemoglobin A1c 
(HbA1C), Insulin, and NF-kB protein activity between 
experimental groups were shown in Table 1. The Obese 
group was younger than Non-DM and Ob-DM groups 
(P=0.0002). BMI (P<0.001), WC (P=0.003), and HC 
(P<0.001) of Obese as well as Ob-DM groups were 
higher than control and DM groups. However, the WHR 
was not changed (P=0.131). Sperm progressive motility 
was affected by obesity (P=0.035) and type A sperm 
progressive motility was affected by DM (P=0.034). 
Sperm concentration (P=0.013), motility (P=0.025) and 
morphology (P<0.0001) were altered by obesity × diabetes 
interaction effects. All men in diabetic groups had higher 
FBS (P<0.0001) and HbA1C (P<0.0001) levels. The main 
impact of obesity on the level of Insulin was significantly 
visible (P<0.0001). Obesity’s main effect on beat-cross 
frequency (BCF) was significant (P=0.018). The levels of 
NF-kB activity were evaluated at 0.043, 0.033, 0.029, and 
0.025 ng/ml for control, obese (ob), non-obese DM, and 
ob-DM groups. NF-kB concentrations were negatively 
influenced by diabetes (P=0.019) measured by ELISA 
(Fig.1). Obesity did not affect NF-kB activity (P=0.248). 
NF-kB localization has been also shown mainly in the 
sperm midpiece and post-acrosomal areas (Fig.2).

A B C
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Table 1: Comparison of parameters in control (n=30): men with normal weight and non-diabetes mellitus; obese (BMI ≥30 kg/m2; n=30) and 
non-diabetic mellitus men (Ob); non-obese diabetic men (Nob-DM; n=30); obese diabetic men (Ob-DM; n=30)

 Variables Experimental groups P value

Control Ob Nob-DM Ob-DM Obesity Diabetes Obesity × 
diabetes

Age (Y) 31.30 ± 5.12a 32.97 ± 5.33a 39.33 ± 6.14b 39.20 ± 5.74b 0.455 < 0.0001 0.380

BMI (kg/m2) 23.12 ± 1.26a 36.31 ± 4.67b 25.59 ± 1.89c 34.33 ± 4.22b < 0.0001 0.687 < 0.001

Waist circumference (cm) 88.33 ± 4.65a 116.40 ± 11.91b 95.57 ± 8.05c 113.27 ± 10.39b < 0001 0.223 0.003

Hip circumference (cm) 96.13 ± 3.70a 112.67 ± 22.79b 97.47 ± 16.99a 114.33 ± 7.74b < 0.0001 0.581 0.951

Waist-to-hip ratio (WHR) 0.92 ± 0.05 1.33 ± 1.75 1.23 ± 1.54 0.99 ± 0.06 0.692 0.951 0.131

Concentration (million/ml) 75.73 ± 33.77a 45.04 ± 31.55b 51.28 ± 30.78b 50.77 ± 34.16b 0.010 0.119 0.013

Motility (%) 74.96 ± 14.65a 56.35 ± 24.57b 57.21 ± 25.55b 57.12 ± 22.61b 0.023 0.039 0.025

Morphology (%) 29.47 ± 11.33a 13.43 ± 13.15b 12.67 ± 8.77b 17.57 ± 12.10b 0.009 0.003 < 0.0001

Progressive motility (%) 49.64 ± 17.38 38.88 ± 25.01 38.75 ± 21.49 35.14 ± 18.89 0.035 0.159 0.141

Type A (%) 20.15 ± 12.15 16.29 ± 13.65 14.83 ± 10.48 12.47 ± 9.97 0.147 0.034 0.727

Type B (%) 28.02 ± 11.75 22.20 ± 15.87 24.39 ± 13.39 22.66 ± 11.58 0.122 0.514 0.401

Type C (%) 24.70 ± 7.93 20.71 ± 9.83 24.17 ± 20.02 23.67 ± 9.14 0.334 0.601 0.453

Type D (%) 27.14 ± 16.35 40.72 ± 24.11 52.70 ± 77.44 41.20 ± 21.44 0.894 0.098 0.111

VCL (μm/s) 55.87 ± 29.72 64.40 ± 36.38 48.73 ± 23.35 59.35 ± 27.18 0.081 0.264 0.848

VSL (μm/s) 25.78 ± 16.48 29.56 ± 17.85 21.18 ± 12.78 26.49 ± 14.69 0.115 0.183 0.790

VAP (μm/s) 35.73 ± 20.04 40.66 ± 22.56 30.36 ± 16.23 37.60 ± 19.13 0.095 0.245 0.750

LIN (%) 44.98 ± 6.52 44.63 ± 9.27 42.24 ± 10.18 43.54 ± 7.83 0.764 0.227 0.603

STR (%) 70.22 ± 7.27 70.37 ± 9.01 67.79 ± 9.38 68.75 ± 7.54 0.722 0.190 0.792

WOB (%) 63.90 ± 4.60 62.90 ± 6.27 61.47 ± 7.39 61.99 ± 6.75 0.836 0.155 0.515

ALH (μm) 2.33 ± 0.49 2.06 ± 0.73 2.06 ± 0.51 2.04 ± 0.52 0.178 0.172 0.239

BCF (Hz) 10.36 ± 4.42ab 12.34 ± 5.77a 9.01 ± 4.54b 11.34 ± 4.79ab 0.018 0.195 0.846

Fasting blood sugar (FBS) (mg/dl) 95.77 ± 10.65 98.70 ± 9.91 178.17 ± 76.78 156.50 ± 56.31 0.289 < 0.0001 0.164

HbA1C (%) 5.12 ± 0.63a 5.46 ± 0.59a 7.21 ± 1.91b 7.12 ± 1.69b 0.395 < 0.0001 0.315

Insulin (mU/L) 8.21 ± 3.26a 19.34 ± 10.68b 11.66 ± 12.21a 20.55 ± 10.46b < 0.0001 0.443 0.803

NF-kB (ng/ml) 0.043 ± 0.032 0.033 ± 0.029 0.029 ± 0.031 0.025 ± 0.027 0.248 0.019 0.520

Data are presented as mean ± SD and they were analyzed using the general linear model (GLM) method. VCL; Curvilinear velocity, VSL; Straight-line 
velocity, VAP; Average path velocity, LIN; Linearity, STR; Straightness, WOB; Wobble, ALH; Amplitude of lateral head displacement, BCF; Beat-cross 
frequency, HbA1C; Glycosylated hemoglobin, NF-kB; Nuclear factor kappa-B. a, b, c; Values with different superscripts within rows differ. P values in bold 
were significant.
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Fig.2: Nuclear factor kappa-B (NF-kB) protein localization by 
Immunocytofluorescent assay. A-C. Representative immunolocalization of 
NF-kB in ejaculated spermatozoa of a normozoospermic man. A. DAPI for 
nuclear staining. B. NF-kB detection. C. Merged images of A and B. NF-kB 
localized mainly to the sperm head and post-acrosomal regions.

Discussion
The current study provides convincing evidence for the 

active role of diabetes obesity or not on the level of NF-
kB in the sperm of men referred to an infertility center. 

Based on the previous literature, obesity may not play a 
major role in NF-kB activity, however, in this study, the 
impact of diabetes on NF-kB activity is shown. While 
there are not many studies about the possible roles of 
NF-kB in male infertility, previously a published abstract 
represented NF-kB activity in sperm (16). For the first 
time in this study, by focusing on the NF-kB role in male 
infertility the negative impacts of obesity and diabetes on 
NF-kB activity in the sperm of obese and diabetic men 
were reported. Moreover, the results presented in the 
current study have shed a light on the exploration of other 
NF-kB roles in the sperm of diabetic men. The data of our 
study by providing a piece of strong evidence showed the 
value of monitoring men with diabetes as it may lead to 
their infertility. Therefore it would be valuable that refer 
these types of cases to infertility clinics after the diagnosis 
of DM. In this study, is shown that DM may exert different 
effects on NF-kB activity. 

Recently, Zhong et al. (1) focused on the association 
of diabetes and obesity with sperm parameters. The 
mechanisms of obesity affecting semen quality include 
(17, 20): the first is male endocrine dysfunction, such 
as lower testosterone levels in obese men, which may 
be the main cause of decreased semen volume and total 
sperm concentration. The second is the damage of the 
inflammatory factors on the seminiferous epithelium of 
the testicular tissue, which ultimately leads to damage 
to the spermatogenesis process in obese men. Third, 
increasing oxidative stress may damage sperm structure 
and function, as high levels of reactive oxygen species 
(ROS) may attack sperm mitochondria and nuclei in obese 
men. On the other hand, DM mechanisms affecting semen 
quality included testicular and post-testicular levels (7). 
At the level of the testis, DM seems to cause: i. Increased 
oxidative stress by increasing the production of ROS in 
the seminal fluid and lipoperoxidation (LP), ii. Increasing 
the level of sperm DNA fragmentation, iii. Modification 
of sperm mitochondrial bioenergetics, and iv. End 
products of enzymatic glycation. In addition, possible 
post-testicular mechanisms may occur, as DM may cause 
sperm damage and prevent seminal fluid release by i. 
Infection/inflammation of the male parathyroid glands, 
where the association enhances the inflammatory response 
in the seminal fluid; and changes the normal parameters 
of sperm and causes it to increase more. Expansion of the 
inflammatory process and its chronicity and ii. Erectile 
and ejaculatory dysfunction, well-known complications 
of DM. It is surprising to note that NF-kB protein activity 
is an undertreated issue in diabetes and obese men. 

While conflicting data on the effects of obesity and 
DM on seminal fluid volume and concentration have 
been reported (1), the adverse effects of obesity and 
DM on sperm motility were a common response. As a 
possible mechanism, it seems that the negative effects 
of the interaction of obesity and diabetes develop 
mitochondrial dysfunction and sperm motility reduction 
in the experimental groups in comparison with the normal 
group. Furthermore, our findings not only confirm the 
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deleterious effects of DM on the kinematic properties 
of human sperm, but also these data provide evidence 
that DM can effectively alter sperm motility in diabetic 
men with a BMI within the normal range. In an animal 
model, Abdel-Fadeil et al. (21) confirmed that obesity and 
diabetes in combination have more detrimental effects on 
male fertility than obesity alone in male rats. In contrast, a 
recent study concluded that obesity and diabetes in humans 
have a minor effect and are not harmful to male fertility 
(22). However, the important role of chronic inflammation 
in obesity and diabetes has been distinguished by a recent 
study (23).

As a possible mechanism, obesity impairs fertility 
and reproductive potential in men, particularly through 
alterations in the hypothalamic-pituitary-gonadal axis 
including sperm concentration, motility, viability, 
and normal morphology (3). Our data support this 
hypothesis when we compare the normal group with 
the obese group. Uniquely, BMI does not affect sperm 
quality, but rather reproductive hormone levels (24). 
Similarly, a meta-analysis that examined 20,367 obese 
and 1,386 diabetic patients reported that obesity and 
diabetes negatively affect sperm parameters in men 
and are associated with low testosterone levels (1). 
Although obesity, as well as diabetes, were expected 
to have deleterious effects, our findings in men with 
diabetes but normal BMI suggest that normal or low 
BMI may be a complication of diabetes. Considering 
a wide change in men’s lifestyle, further investigation 
of molecular and cellular mechanisms in this group 
is necessary. For the first time in this study, while 
the tail is almost completely unstained in the NF-kB 
localization on human spermatozoa was represented in 
the midpiece and post-acrosomal regions. It has been 
hypothesized that high levels of pro-inflammatory 
factors in diabetic patients lead to the activation of 
NF-kB, which mediates inflammatory and metabolic 
responses in part through cross-talk with PPARs. As 
mentioned before, the localization of NF-kB was not 
reported in previous studies, however, Aquila et al. 
(25) and Mousavi et al. (9) studied on the localization 
of PPARγ in sperm and suggested a non-genomic 
signaling action in this particular cell type. Further 
studies on NF-kB seem to confirm that the multiple 
roles of NF-kB are location-dependent in the 
future. 

Uniquely, Fan et al. (26) suggested that NF-kB 
should be considered in the chronic inflammation 
of obese men and they noted that signaling factors 
regulated by NF-kB were expressed at higher levels 
in the reproductive tract of obese men. In this study, 
NF-kB concentration in sperm was negatively affected 
by DM. The low level of NF-kB protein activity by 
ELISA in diabetic cases shows the critical role of DM 
on sperm. However, obesity may not play a significant 

role in the alternation of the level of NF-kB in sperm 
in our study. Similarly, a previous study using the 
ELISA technique to evaluate NF-kB protein activity 
in the sperm of infertile men investigated low levels 
of NF-kB in their sperm (16). On the other hand, 
previous studies focused on NF-kB activity in testes 
(13, 27) and there is little information about sperm. As 
a putative mechanism, increased levels of AGEs, its 
receptors (RAGE), oxidative stress, lipoproteins, and 
hyperlipidemia increase NF-kB expression through 
different pathways in subclinical/infertile diabetic 
men. Furthermore, inappropriate expression of NF-
kB increases apoptosis and inflammatory process, that 
play a major role in cellular damage and subsequent 
complications (28). High levels of blood sugar cause 
oxidative stress and the formation of AGEs/RAGE in 
nerve cells, increasing glycated hemoglobin (HbAc1), 
and the level of stromal collagen in peripheral nerves, 
Schwann cells, and endoneurial vessels is another risk 
factor for the development of peripheral nerve damage 
(29). In contrast, our data support reduced NF-kB 
activation in sperm of DM men, which was confirmed 
by a previous study (16) that indicated a decrease of 
NF-kB activation in sperm. Meanwhile, the idea that 
different protein levels in different sub-fertile men 
serve as biomarkers is an exciting and emerging area 
for research and clinical studies. Hence, the cross-
talk between diabetes and obesity on male infertility 
is important, and some biomarkers in sperm such as 
high mobility group protein 1 (HMGB1) (30), and 
mitochondrial uncoupling protein 2 (UCP2) (31) and it 
is considered special. PPARγ investigation may open 
the horizon for future interventions in diabetes and 
male infertility (32). Also, the level of several proteins 
in types of diabetes (type 1 and type 2) obesity or non-
obesity is a subject that receives research and clinical 
attention.

Aging leads to adipose tissue dysfunction and 
thus systemic effects such as inflammation and low 
peripheral insulin sensitivity (33). Age matching of 
experimental groups can affect the results of such 
studies. Since the beginning of the survey, this has 
been one of our team’s concerns and has been in 
the spotlight. There are always limitations in human 
research projects, and elderly men with diabetes are 
certainly one of them. Recently, older age in the 
diabetic group was shown in Iraq (22), which confirms 
our findings. In Iraqian study, the obese-diabetic group 
(43 years) was older than the control group (37 years). 
It is surprising to note that their control group was 
older than our control group. Therefore, we are faced 
with a challenge for age-matched of experimental 
groups in studies with diabetic men and controls in the 
infertility clinic, which needs more attention in future 
studies. Another limitation is the evaluation of NF-kB 
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protein phosphorylation in the current study, and we 
focused on net NF-kB protein activity by ELISA. In 
addition, future studies should focus on sperm DNA 
damage alongside NF-kB protein activity. 

Conclusion
The current study indicated lower concentration and 

activation of NF-kB in diabetic men, while no effect 
of obesity on NF-kB activity was observed. Further, 
the present study revealed the main effects of obesity 
and diabetics, and their interactivity effect harmfully 
influenced sperm characteristics.
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Abstract
Objective: Decellularized uterine scaffold, as a new achievement in tissue engineering, enables recellularization and 
regeneration of uterine tissues and supports pregnancy in a fashion comparable to the intact uterus. The acellular 
methods are methods preferred in many respects due to their similarity to normal tissue, so it is necessary to try to 
introduce an acellularization protocol with minimum disadvantages and maximum advantages. Therefore, this study 
aimed to compare different protocols to achieve the optimal uterus decellularization method for future in vitro and in 
vivo bioengineering experiments.
Materials and Methods: In this experimental study, rat uteri were decellularized by four different protocols (P) using 
sodium dodecyl sulfate (SDS), with different doses and time incubations (P1 and P2), SDS/Triton-X100 sequentially 
(P3), and a combination of physical (freeze/thaw) and chemical reagents (SDS/Triton X-100). The scaffolds were 
examined by histopathological staining, DNA quantification, MTT assay, blood compatibility assay, FESEM, and 
mechanical studies. 
Results: Histology assessment showed that only in P4, cell residues were completely removed. Masson’s trichrome 
staining demonstrated that in P3, collagen fibers were decreased; however, no damage was observed in the collagen 
bundles using other protocols. In indirect MTT assays, cell viabilities achieved by all used protocols were significantly 
higher than the native samples. The percentage of red blood cell (RBC) hemolysis in the presence of prepared scaffolds 
from all 4 protocols was less than 2%.  The mechanical properties of none of the obtained scaffolds were significantly 
different from the native sample except for P3.
Conclusion: Uteri decellularized with a combination of physical and chemical treatments (P4) was the most favorable 
treatment in our study with the complete removal of cell residue, preservation of the three-dimensional structure, 
complete removal of detergents, and preservation of the mechanical property of the scaffolds.  

Keywords: Acellularization, Female Infertility, Rat Uterus, Sodium Dodecyl Sulfate, Tissue Engineering
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Introduction
Absolute uterine factor infertility (AUFI) is one of 

the infertility causes, which refers to the absence or 
dysfunction of the uterus and has a prevalence of one in 
every 500 women of fertile age (1). Currently, the only 
solution available is gestational surrogacy, which comes 
with its own set of economic, legal, and ethical challenges 
(2). While organ transplantation has been proposed as a 
solution, due to the scarce availability of human organs 
and immunogenic effects, many investigators have 
been directed towards the utilization  or development of 
bioengineered tissue by a synthetic mold or acellularized 
scaffold to restore fertility. This approach takes advantage 
of the body’s inherent ability to regenerate organs, 
and repairs the defect of reproductive organs with a 
combination of cells, growth factors, and biological 
materials with repairing (3). So far, many studies  have 
used biodegradable polymer scaffolds [such as poly-DL-
lactide-coglycolide (PLGA)-coated polyglycolic acid 

(PGA) (4)], collagen/matrigel (5),  silk-coated collagen 
(6), or boiled blood clots (7). Despite the excellent 
mechanical support and stability of synthetic scaffolds, 
decellularized extracellular matrix (ECM) of the target 
tissue is one of the preferred methods of engineered tissue. 
The main benefit of this method is the minimized immune 
system reactions (due to the removal of membrane 
antigen epitopes and intracellular derivatives) as well as 
functional, mechanical, and structural similarities to the 
native tissues (8). 

The use of decellularized scaffolds for the engineering 
of vital organs such as kidneys (9), heart (whole organ) 
(10), blood vessels (whole organ) (11), and bone (12) have 
been reported. This technique already has been transferred 
to clinical trials (13). 

Several methods have been tested to remove cells from 
the ECM (14-17). Physical treatments such as freeze-
thawing procedures, sonication, agitation, mechanical 
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pressure, and enzymatic treatment (using dispase, 
trypsin, esterases, or nucleases) have also been 
employed to remove cells from tissues (14, 18). Due 
to the diversity of cell morphology, matrix thickness, 
and variable density from organ to organ, the optimal 
acellularization method is unique to each tissue (17). The 
methods used to produce uterine tissue ECM scaffolds 
show distinct effects on the structural and functional 
components of the scaffold material  preparation, some 
of which even have adverse effects on immunological, 
structural, and mechanical properties (19). Therefore, 
introducing an efficient decellularization protocol for 
tissue engineering of the uterine is very necessary.

Detergents are effective in removing nuclear 
remnants and cytoplasmic proteins from tissues, but 
their optimum dose and exposure time are important for 
tissue properties. White et al. (20) showed increasing 
sodium dodecyl sulfate (SDS) concentrations from 
0.1% to 1.0% increased both the intensity of SDS 
fragments and adverse cell outcomes. Most studies 
have used detergents to remove cells from uterine 
tissue, and there are fewer reports of combining these 
methods with other methods, such as mechanical 
cell removal, so we developed four decellularisation 
protocols, In the first three protocols, only detergent 
(chemical) was used, but in the fourth, a combination 
of physical (freeze/thaw) and chemical reagents was 
used. Therefore, we evaluated the decellularization 
efficacy of each method using different methods such 
as H&E which evaluates cell component removal, 
mechanical testing for ECM structure preservation, 
MTT for detergent removal, and so on. We aimed 
to determine which method was advantageous in 
cell removal and preserving the ECM components, 
structure, and mechanical properties of natural uterine 
for an ideal scaffold for tissue engineering.  

Materials and Methods
Animals 

All animals used in this experimental study were housed 
in the animal house facility according to the institutional 
ethical guidelines for using laboratory animals.

Fifty rats were randomly divided into five groups (n=10 
per group). Female Wistar rats were put down, 9-16 weeks 
old and weighing 180-200 g, in an estrous cycle (which 
was characterized by the presence of abundant anucleated 
cornified epithelial cells in the cytology of vaginal smear) 
(21). Rats were anesthetized with an injection of ketamine 
(70 mg/kg) and xylazine (6 mg/kg) via the intraperitoneal 
(IP) route (22).

Acellularization of uterine tissue samples
Four different protocols (P1, P2, P3, and P4) were 

utilized for the decellularization of uterine tissues.

Protocols 1 and 2 (P1 and P2)
Rats were deeply anesthetised, uterine horns were 

excised, and connective tissues and fats were removed. 
Briefly, the horns were rinsed with phosphate-buffered 
saline (PBS, 25°C) incised in the mesometrium line and 
cut into rectangular pieces that varied in size depending 
on the test.  Up to four samples from the same rat were 
immersed in 5 ml of SDS (1%) solution for 2 hours (P1) 
or 4 hours (P2) at room temperature. After SDS treatment, 
samples were washed for 1 week (P1) or 10 days (P2) 
using a washing buffer containing 0.05 M magnesium 
chloride hexahydrate, 0.2 mg/ml DNaseI (Roche, USA), 
0.9% NaCl, and 1% penicillin and streptomycin on a 
shaker at 4°C (Table 1).

Protocol 3 (P3)

To prevent blood clots in the arteries during 
perfusion, rats were injected subcutaneously with 
heparin (100 IU/kg) one hour before anesthesia. 
Subsequently, the abdominal aorta  was cannulated 
with a 20-G angiocatheter and cannulas were fixed 
with the 4-0 silk ligatures. The uterus was connected 
to 200 ml of heparin/PBS solution (50 IU/ml) and 200 
ml PBS, respectively, and the volumetric flow rate was 
set at 4 ml/minutes. Then, their connection was cut off 
from the solution flow, and uterine horns were cut into 
rectangular samples. Uterine patches were soaked in 
three different doses of SDS (0.01%, 0.1%, and 1% 
in distilled water), respectively (the time of each dose 
was 24 hours). Samples were washed with PBS every 
24 hours (3 times, 5 minutes, on a shaker) and finally 
soaked in 1% of Triton X100 for 30 minutes. In the 
end, the samples were washed with PBS (3 times, 10 
minutes, on the shaker) (Table 1).

Protocol 4 (P4)

One hour before anesthesia, rats were injected 
subcutaneously with 100 IU/kg of heparin. Rats were 
anesthetised, and the diaphragm was dissected. Then 
ribs were cut, and a 50 ml syringe filled with NaCl 
was inserted in the left ventricle of the heart. The right 
atrium was cut to allow the flow. Subsequently, 200 
ml of NaCl was slowly injected to remove the blood 
from the uterine tissue (until the lung tissue became 
white). Uterine horns were excised, connective tissue 
and fat were removed, and rinsed with PBS. The uterus 
was frozen at -20°C for 1 to 7 days. Next, the uterus 
was thawed, and one of the horns was attached to a 
peristaltic pump using a pipette tip and silicon tubing. 
Initially, perfusion with PBS was performed for one 
hour to remove cell debris. The perfusion speed was 
set at a flow rate of 10 ml/minutes. Then, five 24-hour 
cycles were performed. In the first two days, the cycle 
of SDS 1% (6 hours) and PBS (18 hours) was repeated. 
On the third day, the SDS time was reduced to 2 hours, 
the samples were treated with Triton X-100(1%) for 
2 hours, and then PBS flowed for 20 hours, and this 
cycle was repeated until the fifth day (Table 1).

https://www.sciencedirect.com/science/article/abs/pii/S1742706116307012
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Table 1: Decellularization protocols 

1.1: Decellularization protocol 1 and 2

Stages Protocol 1 Protocol 2

SDS 1% (25°C) 2 hours  4 hours

Washing buffer 1 week 10 days 

1.2: Decellularization protocol 3

Perfusion of heparin/PBS (50 IU/ml, 200 ml)

Perfusion of PBS (200 ml)

SDS 0.01% 24 hours

PBS 5 minutes (3 times)

SDS 0.1% 24 hours

PBS 5 minutes (3 times)

SDS 1% 24 hours

PBS 5 minutes (3 times)

Triton X100 1% 30 minutes

PBS 10 minutes (3 times)

1.3: Decellularization protocol 4

Perfusion of NaCl (200 ml) into the left ventricle

Physical treatment Freeze/thawing of the uterus (at -20°C)

Chemical treatment Day 1 PBS 1 hour

SDS 1% 6 hours

PBS 18 hours

Day 2 SDS 1% 6 hours

PBS 18 hours

Day 3 SDS 1% 2 hours

PBS 10 minutes

Triton X100 1% 2 hours

PBS 20 hours

Day 4 SDS 1% 2 hours

PBS 10 minutes

Triton X100 1% 2 hours

PBS 20 hours

Day 5 SDS 1% 2 hours

PBS 10 minutes

Triton X100 1% 2 hours

PBS 20 hours

SDS; Sodium dodecyl sulfate and PBS; Phosphate-buffered saline.
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Histological analysis

The presented cellular component and collagen fibers 
were evaluated by H&E and MT staining, respectively. To 
prevent any ECM breakdown, the segments of native and 
acellularized samples were fixed in 10% formalin for 24 
hours. Subsequently, they were incubated in 70% ethanol 
at 4◦C overnight and then dehydrated in graded alcohols. 
This was followed by immersion in xylene and embedding 
in paraffin wax. The paraffin-embedded tissues were cut 
into 5-μm slices and stained with H&E (23) and MT (24), 
using standard protocols.

DNA quantification

The efficacy of the acellularization process and 
the presence of nuclear materials were evaluated by 
measuring the remaining nuclear DNA. The native 
and acellular samples were dried using a freeze dryer 
(Zibrus vaco2, Germany) to remove the liquid and then, 
weighed less than 20 mg. The total DNA content was 
extracted using a commercial kit (DNeasy Blood & 
Tissue, Qiagen, Cat No. ID: 69504) as   per the protocol 
provided. DNA concentration was calculated from OD 
measurements at 260 nm by picodrop (pico100, UK).

FESEM imaging

We performed FESEM to investigate the ultrastructure 
of the scaffolds in different protocols. To prepare the 
samples for FESEM imaging, we provided 0.5×5 cm3 
patches from the horns of native and acellular uteri 
of rats. The samples were  first immersed in 2.5% 
glutaraldehyde solution at 4°C for 2 hours, washed with 
distilled water (DW) three times, and were dehydrated 
by graded series of ethanol (30, 50, 70, 90, 100%) each 
for 15 minutes and then dried with a freeze dryer (25). 
The samples were ultimately put under a scanning 
electron microscope (ZEISS Sigma 300 HV, Germany) 
following coating with the gold sputter-coater.

Cytotoxicity assay
Sample preparation

To ensure the complete removal of detergents from the 
scaffolds and to evaluate the cytotoxicity of the acellular 
scaffolds, equal-weighted round patches with 5 mm 
diameter were prepared. Patches were sterilized with 70% 
ethanol (24 hours) and washed in sterile PBS for the next 
24 hours. 

Cell culture 

Rabbit mesenchymal stem cells (Ra-MSC) was 
purchased from the Iranian Biological Resource Center 
with accession cell No: IBRC C10723 which was 
confirmed as a rabbit by polymerasde chain reaction 
(PCR) method. Cryopreserved MSCs were thawed in a 
37ºC water bath. To improve cell viability, MSCs were 

put in a complete medium consisting of 10% fetal bovine 
serum (FBS, Gibco, USA) and 1% pen/strep. The cell-
medium suspension was centrifuged at 2500 rpm for 
10 minutes. The supernatant was recovered, and the 
pellet was resuspended in a 1 ml complete medium. 
After that, cells were counted by a hemocytometer 
and were seeded into a T25 or T75 flask at 5×104 cells/
flask (T25) or 1×106 cells per T75 flask and incubated 
at 37ºC and 5% CO2. Every 3 days, the complete 
medium was changed. When the cells reached 80% 
confluency, they were ready for harvesting.

Direct MTT

Acellular scaffolds were put into a 96-well plate, and 
MSCs were seeded onto the scaffolds at the density 
of 2×104/w. The fresh culture medium containing 
Dulbecco’s Modified Eagle Medium (DMEM, Gibco, 
USA) with 10% FBS and 1% penicillin/streptomycin 
was added to cell-seeded scaffolds. Cell viability was 
monitored 1st and 3rd day of culturing by MTT assay. 
In brief, after the prescribed period of incubation, the 
supernatant was removed, and the wells were washed 
twice with PBS. After that, 100 μL of MTT (0.5 mg/
ml in PBS, Sigma Aldrich, USA) was added to each 
well and left on the plate for 4 hours at 37°C and a 
5% CO2 incubator. Then dimethyl sulfoxide (DMSO, 
DNAbiotech, Iran, 100 μL) was added to each well 
and allowed to react until the dissolution of the 
formazan pigment. The scaffolds were then removed, 
and their optical densities (ODs) were measured 
at 570 and 650 nm (as a reference wavelength) in a 
spectrophotometer.

The OD of the treated wells was compared with that 
of the control, which consisted of MSCs without any 
scaffold and the cell viability percentage was calculated 
according to the following formulas.
Equation (1): Viability=(OD sample–OD blank)/(OD 
control–OD blank)×100

Indirect MTT

MSCs were seeded onto wells of flat-bottomed 96-
well plates at 104 cells/well. After 24 hours (to ensure 
the adherence of cells to wells), the acellularized 
scaffolds were added to the wells and incubated at 
37°C for 24 or 72 hours. Thereafter, the scaffolds were 
removed from each well and the culture medium was 
discarded. MTT (100 µL, 0.5 mg/mL) was added to 
each well and the plates were incubated for 4 hours at 
37°C. Then dimethyl sulfoxide was added, and the OD 
was measured like what we explained above (direct 
MTT).

Hemolysis assay

The effect of an acellularized uterine sample on red blood 
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cells (RBC) was determined by a hemolysis assay. Firstly, 
patches of uterine from all of the acellular protocols were 
cut (15 mg) and added to sample tube containing 4 ml NaCl 
0.9% and preheated in a 37°C incubator for 30 minutes. 
Two tubes containing 4 ml NaCl 0.9%, and DW were 
considered as negative and positive control, respectively. 
Two ml of citrated blood were diluted with 2.5 mL NaCl 
0.9%. Diluted blood (200 µl) was added to all sample and 
control tubes, and the tubes were replaced at 37°C for a 
further 60 minutes. The tubes were centrifuged at 1500 
RPM for 10 minutes following the second incubation 
period. Release of hemoglobin which indicates the RBC 
damage was determined by photometric analysis of the 
supernatant at 545 nm (O.D). The percent hemolysis was 
calculated using the following formula.

% Hemolysis=(TS–NC)/(PC-NC)×100

TS: Absorbance of supernatant of erythrocyte suspension 
with the sample solution

NC: Absorbance of supernatant of erythrocyte suspension 
with NaCl

PC: Absorbance of supernatant of erythrocyte suspension 
with distilled water

This test was run in triplicate and the results were 
averaged.

Mechanical characterization

The mechanical properties or tensile test of the native 
tissue and acellularized scaffolds were conducted using 
a universal tensile machine (UTM) equipped with a 50-N 
load cell (Zwick/Roell, Model: Hct 25-400, Germany). 
Wet tissue samples (20 mm in length×5 mm in width) 
were pulled at a rate of 10 mm/minutes, displacement data 
were recorded, and a stress-strain curve was drawn. The 
tests were performed with three replicates for each sample 
(n=3). The ultimate tensile strength (UTS), Young’s 
modulus (E), and Elongation at break (𝛅) were calculated 
using the following formula:
 
Equation (2):  E=(F/A)/(∆L/L0)

Equation (3): UTS=F/A

Equation (4): %𝛅 =∆L/L0

E=Young’s modulus (Elastic Modulus)

𝛅=Elongation at break

F=Force exerted on an object under tension

A=Cross-sectional area 

ΔL=Changes in length

L0=Initial length 

Statistical analysis
The data were analyzed by SPSS software (version 23, 

IBM, USA) using the ANOVA test. Data were expressed as 
mean ± standard deviation, and a P<0.05 was considered 
as the significance level.

Ethical consideration

The experimental procedures were approved by the 
Animal Ethics Committee of Tehran University of Medical 
Sciences (IR.TUMS.MEDICINE.REC.1398.298). 

Results
Histological evaluation

Investigation of acellularization efficiency in four 
different protocols by H&E staining demonstrated that 
only the P4 successfully removed cellular components 
in all epithelial, stromal, and smooth muscle layers. 
The samples processed by P1 and P2 showed the most 
residual cells compared to the others. In scaffolds 
obtained from P3, the nucleus of cells was removed 
but some cytoplasmic components remained. In the 
H&E staining the nuclei were purple and cytoplasmic 
components were pink, indicating the cytoplasmic 
components were not removed. Native uterine tissue 
was used as the control sample (Fig.1AI, II). Masson’s 
trichrome staining showed that P1, P2, and P4 samples 
had an abundance of collagen fibers, similar to native 
tissue, that indicates no damage of detergents to the 
ECM; however, P3 specimens showed slightly reduced 
collagen fibers (Fig.1AIII).

DNA quantification

DNA quantification is an assay for assessing the 
efficiency of cell removal protocol. DNA content of 
samples was reported as a percentage of normal (intact) 
tissue. The remaining DNA contents of all the protocols 
were significantly lower than native tissues, while P1 
samples showed the highest amount of DNA remnants 
after the decellularization process compared to  other 
protocols (P<0.05, Fig.1B).

FESEM results 

As observed in the low magnification of FESEM 
images, the scaffolds, after acellularization by P1, 
P2, and P4 protocols, appeared as porous sponges 
with a well-defined three-dimensional structure. Even 
the structure of the vascular conduits in protocol 4 
was preserved with intact conformation. Although 
scaffolds prepared using P1 and P2 protocol looked 
rich in fibrous content, P4 appeared more porous than 
other decellularization scaffolds. P3 became collapsed 
in all layers and showed poor porous structure 
(Fig.2A, B). Cross-sections of the native uterus and 
acellular scaffolds from each protocol viewed at high 

https://en.wikipedia.org/wiki/Stress%E2%80%93strain_curve
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magnification showed tissue fibrils (e. g. collagen 
and elastin) that maintained their striated and bundle 
patterns (Fig.2C).

Fig.1: Verification of decellularization by histological staining and residual 
DNA content. A. Histological assessment of decellularized uterine scaffolds 
(with different protocols; P1, P2, P3, P4) and native tissue (N). Optical 
microscope images of hematoxylin-eosin staining indicate cells (I and 
II) (black arrowhead) in the layers of native (N) samples and blood cells 
in their arteries (red arrowhead). In P1 and P2 protocols, the cells were 
partially removed; however, some cytoplasm without a nucleus remained 
(green arrowhead). Also, in protocol 3, the cytoplasm without a nucleus is 
seen. Only in protocol 4, the cells are completely removed. III; Masson’s 
trichrome staining demonstrated that there is no damage in the collagen 
fibers of the scaffold from P1, P2, and P4 following the decellularization 
process but in scaffolds obtained from P3, fibers are decreased (I; 
10x magnification, II and III; 40x magnification). B. Quantification of 
residual DNA showing a drop of 24, 2.3, 0.5, and 0.6% for the protocols 
1-4 respectively compared to native sample (100%). *; P=1.1×10-10 , **; 
P=2×10-12, and DW; Dry weight.

Fig.2: Scanning electron microscope images of the cross-section of 
native (N) and acellularized protocols (P1-P4) of rat uterine tissues. 
A, B. Scanning electron micrographs at lower magnification (200 and 
5000x magnification) showing pores of scaffolds. C. Higher magnification 
(20000x magnification) demonstrates the fibers bundles. Arrowhead 
indicates blood vessel.

MTT assay results
Because incomplete removal of detergents from a scaffold 

can affect cell viability in vitro and in vivo, we evaluated 
the biocompatibility of scaffold by MTT assay. In the direct 
method, the cell viability of MSCs that were seeded on all 
the P1, P2, P3, and P4 acellular scaffolds was significantly 
higher than in the scaffold-free control group (Fig.3A). In 
indirect contact of the scaffold with MSCs, no significant 
decrease was seen in cell viability compared with the control 
samples at 24 and 72 hours (Fig.3B).

Hemocompatibility
Results obtained for hemolysis of citrated blood with 

acellularized uterine patches are shown in Table 2. The 
percentage of hemolysis in the presence of uterine scaffolds 
prepared from all of the protocols was less than 2%. 
According to the Autian report (26), when the material 
presents a hemolysis percentage below 5%, it is considered 
a non-hemolytic material. Therefore, it can be concluded that 
acellularized uterine from all 4 protocols could be considered 
highly hemocompatible.

Table 2:  Hemolysis of blood by acellularized uterine patches prepared 
from 4 protocols (P1, P2, P3, P4)

Sample Optical density at 545 nm Hemolysis (%)

Water (control+) 1.31 100
Saline (control-) 0.055 0
P1 0.06 0.39
P2 0.07 1.19
P3 0.058 0.23
P4 0.055 0

A

B

A B C
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Mechanical characterization of scaffolds

A mechanical evaluation test was conducted to 
ensure that the acellular process did not affect the 
structural integrity of scaffolds. The extracted results 
from the stress-strain curves (Fig.4A) are shown in 
Figure 4B-D.

The native uterus has the maximum tensile stress of 0.66 
± 0.1 MPa and Young’s modulus of 1.7 ± 0.2 MPa and 
they are higher than acellularized samples (P1, P2, P3, 
and P4), but these differences are not significant (P=0.2). 
Also, elongation at break was only significantly different 
for P3-treated uterine tissue which led to a decreased 
tissue extensibility (P=0.04).

Fig.3: Analysis of cell viability following culture on acellularized uterine scaffolds. A. The MTT photograph in direct contact revealed that there 
were higher cell viabilities in the acellularized samples (P1- P4) compared with control groups. B. In indirect contact there were no significant 
differences between the acellularized groups (P1- P4) and control group after 24 and 72 hours. *; P=0.002, **; P=0.0002, and ***; P=0.0003.

Fig.4: Mechanical evaluation of the samples (n=3); native (N) and acellularized tissues prepared from protocols 1-4 (P1, P2, P3, and P4). A. Stress-strain 
curves, B. Young’s modulus, and C. ultimate tensile strength of acellularized specimens are not significantly different from each other, or the native group. 
1 MPa (Mega Pascal)=1 N/mm2. D. Elongation at break in P3 was significantly different compared to native (*; P=0.04). 

A B

A B

DC
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Discussion 
Tissue engineering has proposed various biomaterials 

for repairing different tissues. Each of these biomaterials 
has advantages and disadvantages. Among these 
biomaterials, decellularized ECM-based constructs are 
more successful due to their high similarity to natural 
tissues (biocompatibility, mechanical properties, etc.). 
Moreover,  as they have properties such as low antigenic 
properties and lack  stimulation of immune responses in 
tissue regeneration, can  demonstrate additional useful 
applications (27).

Since the use of natural decellularized scaffolds 
is currently a promising potential for regenerating, 
replacing, or improving the function of various organs 
such as the vagina, heart, and bladder, researchers 
are working to achieve an optimal protocol of tissue 
engineering for uterine tissue repair and treatment of 
AUFI patients. Previous studies compared the efficacy 
of different protocols such as perfusion of detergents 
and ionic solutions or high hydrostatic pressure for 
decellularization of the different animal uterine tissues 
(15, 16, 28). Optimizing the cell removal protocol is very 
important because tissue standardization will enable the 
optimization of clinical protocols, which will result in 
better outcomes for patients. To achieve the protocol that 
while is simple, has similar characteristics to the natural 
tissue, we selected four different types of decellularization 
methods and evaluated the efficiency of cell removal and 
the preservation of the physicochemical properties as well 
as the biological integrity of rat uterine tissues. In protocol 
1, we used SDS 1% for 2 hours, and DNase to remove 
the cells and nuclei. In protocol 2, the soaking time of 
scaffolds in the SDS was increased to 4 hours. In protocol 
3, we used three additional doses of SDS (0.01, 0.1, and 
1%) with a longer time (24 hour) and Triton X100. In 
protocol 4, in addition to cardiac perfusion and removal of 
blood cells, we performed a freeze-thawing process before 
using the detergent (SDS and Triton x100). Because the 
success of the decellularization method is based on the 
cell removal while maintaining ECM, we evaluated these 
two   properties. 

Histological examination showed that protocol 1 still 
had some cell residue and even the amount of DNA was 
24% compared to the native sample. In protocol 2, with 
increasing detergent time from 2 to 4 hours and washing 
duration (from 7 to 10 days), the number of complete cell 
debris (nucleus and cytoplasm) decreased, and the amount 
of DNA decreased considerably, but their cell cytoplasm 
remained. The importance of complete removal of cellular 
residue from scaffolds is related to the presence of major 
histocompatibility complexes (MHC) present on the cell 
membrane, which can lead to immune responses and 
hyperacute rejection of scaffolds (29). These nucleus-free 
cytoplasms also seemed to be removed if the washing 
period was longer. The DNA count of scaffolds obtained 
from protocol 3 was the lowest but the cytoplasm remained 
to some extent.  Interestingly, although DNase enzyme 
(DNA digester) was used only in the first two protocols, 

the scaffolds obtained from protocol P3 had the lowest 
amount of DNA, which shows that the using of detergents 
(SDS and Triton X-100) is enough to remove DNA. Our 
study showed that protocol 4 was the most efficient 
method of cellular removal (without any debris).

The second purpose of effective decellularization 
is preserving biologically active ECM components. 
Successful repair after implantation of acellular tissue 
depends on the preservation of the 3D ECM structure 
or its protein composition. In the regeneration process, 
ECM has an essential role in cell adhesion, aggregation, 
migration, as well as proliferation and differentiation of 
cells for that specific tissue. This is done by preserving 
vascular cells and molecules such as growth factors, 
collagen, elastin, glycosaminoglycans, fibronectin, 
and, laminin (30). Since collagen is one of the main 
components of ECM proteins that plays an important 
role in providing the tissue framework connection, and 
tensile strength and, affecting cell types disposition, the 
destruction or reduction of this protein is the cause of 
scaffold failure (31). Histology and FESEM analysis of 
protocols 1,2 , and 4 showed that ECM proteins preserved 
their structural integrity during decellularization, but 
similar to Santoso et al. (16) study, long exposure time 
with SDS, had a disruptive effect on the ECM during 
the process of decellularization and reduced the collagen 
bundles in P3. Another important role of the acellular 
ECM in the repair process is mechanical support for 
tissue regeneration and fabrication and even strategies 
such as the use of cross-linkers were used to optimize the 
mechanical properties and structural stability of the tissue 
(32). Scaffold stiffness plays an important role in the 
migration and proliferation of stem cells and modulation 
of the ECM microenvironment after recellularization. 
Tiemann et al. (33) suggested that the sheep uteri tissues 
became stronger after decellularisation treatments with 
SDS, SDC, or triton x100. They explained that this is the 
result of the denser structure of the ECM caused by cell 
removal.

 In our study, although uterine tissue appeared to be 
visually thinner and weaker after the acellularization, 
there were no statistically significant differences between 
these acellularized samples from all of the protocol and 
native groups in young modulus elasticity and UTS. 
However, the elongation at break of the samples obtained 
from the p 3 protocol is significantly lower compared to 
the normal sample. Reduction and destruction of collagen 
(in histological examination) and contraction of ECM 
fibers (in FESEM photos) justify this extension reduction.

Since increased detergent concentrations in the scaffold 
in addition to ECM disruption, can increase adverse cell 
outcomes (23), we assessed the removal of the detergent 
agents and toxicity of the scaffolds by MTT assay (via 
direct and indirect contacts of MSCs to acellularized 
scaffolds) and hemolysis assay. The results of the MTT 
assay showed that 24 h after incubation, the acellular 
scaffolds from all protocols did not inhibit the growth of 
the co-cultured cells but rather promoted cell proliferation 
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significantly. The three-dimensional environment of the 
scaffolds (compared to the two-dimensional environment 
of the control group), can be a justification for this finding. 
Yu et al. (34). showed that growth factors such as epidermal 
growth factor (EGF), transforming growth factor-beta 
(TGF-β) and basic fibroblast growth factor (bFGF) were 
preserved after pancreatic body tail acellularization 
and these cytokines can stimulate proliferation of cells 
in MTT assay. A previous study showed that SDS 1% 
altered the basement membrane complex (BMC) of the 
porcine urinary bladder. BMC has an important function 
in the attachment and growth of cells (35). In our study, 
Scaffolds obtained from protocols 1 and 2 were treated 
with SDS for a shorter time (than the other two protocols). 
Therefore, the possibility of more cell proliferation in the 
first 24 hours can be attributed to the more intact structure 
of ECM and better cell attachment in these two groups. 
Increased proliferation in 24 hours, caused a lack of 
nutrients, growth factors, and insufficient space, followed 
by cell death in 72 hours.

Also, in the indirect MTT test, where the cells were 
not implanted in the three-dimensional structure of the 
scaffolds, cell proliferation was not significantly different 
from the control sample. These results of the MTT assay 
suggested that the acellular uterine scaffolds exhibited 
good compatibility without any cytotoxic effect on co-
cultured cells. Another test for the assessment of the 
cytotoxicity of ECM is the hemolysis assay. If toxic 
chemical agents are not removed from the scaffold during 
acellularization, it will cause RBC damage and hemoglobin 
release (36). So, a low degree of hemolysis indicates 
better hemocompatibility of the biomaterial. In our study, 
uterine patches from all protocols were hemocompatible. 
SDS is the strong ionic detergent and preferred agent for 
removing cell debris from different tissue. However, in 
addition to the damage to phospholipid membranes (37) 
and denaturation of proteins (38), SDS can lead to cell 
toxicity (39). 

Momtahan et al. (36) removed SDS using DW, 
Phosphate-buffered saline, and Triton X-100 from 
decellularized heart tissues. They showed that using 
Triton-X 100 can double the SDS removal rate from 
ECM (36). Nouri et al. (40) used three methods for the 
decellularization of mouse uterine. 1: SDS and triton 
X-100 solutions (at concentrations of 0.1, 0.3, 0.6%, each 
for 24 hours), 2: hypertonic and hypotonic solutions, 
and 3: freeze and thaw and subsequently in 0.5% SDS 
and Triton X-100 0.1% (each for 48 hours). Their data 
indicated SDS and Triton X-100 (unlike the other two 
methods) could completely decellularize the uterus. 3D 
ultrastructure of decellularized scaffold prepared by this 
protocol remained intact and the MTT assay revealed that 
these uterus scaffolds were non-toxic for cell growth and 
proliferation of menstrual blood stem cells.

 In summary, according to the results of our study, 
P1 and 2 due to incomplete cell removal and P3 due to 
ECM damage do not have the necessary criteria to be 
introduced as an optimized method of acellularization of 

uterine tissue. Therefore, we suggest that the P4 process 
is an optimal protocol for the acellularization of rat uterus 
(out of 4 protocols introduced) with complete removal 
of cell debris, preservation of the protein fibers of ECM, 
removal of cytotoxic detergents, and finally, preservation 
of mechanical characteristics. 

Conclusion
We aimed to evaluate and ultimately propose an efficient 

decellularization protocol for uterine tissue, but this study 
is required more evaluations of recellularization and 
biocompatibility of the scaffold. Also, not reporting the 
level of proteins (such as elastin, and fibronectin) and not 
evaluating the vascular network were the limitations of 
this study. Evaluation tests should also be performed after 
implantation in vivo studies.
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Abstract
Objective: Organ transplantation is the last therapeutic choice for end-stage liver failure, which is limited by the lack of 
sufficient donors. Decellularized liver can be used as a suitable matrix for liver tissue engineering with clinical application 
potential. Optimizing the decellularization procedure would obtain a biological matrix with completely removed cellular 
components and preserved 3-dimensional structure. This study aimed to evaluate the decellularization efficacy through 
three anatomical routes.
Materials and Methods: In this experimental study, rat liver decellularization was performed through biliary duct (BD), 
portal vein (PV), and hepatic vein (HV); using chemical detergents and enzymes. The decellularization efficacy was 
evaluated by measurement of DNA content, extracellular matrix (ECM) total proteins, and glycosaminoglycans (GAGs). 
ECM preservation was examined by histological and immunohistochemical (IHC) staining and scanning electron 
microscopy (SEM). Scaffold biocompatibility was tested by the MTT assay for HepG2 and HUVEC cell lines. 
Results: Decellularization through HV and PV resulted in a transparent scaffold by complete cell removal, while the BD 
route produced an opaque scaffold with incomplete decellularization. H&E staining confirmed these results. Maximum 
DNA loss was obtained using 1% and 0.5% sodium dodecyl sulfate (SDS) in the PV and HV groups and the DNA 
content decreased faster in the HV group. At the final stages, the proteins excreted in the HV and PV groups were 
significantly less than the BD group. The GAGs level was diminished after decellularization, especially in the PV and 
HV groups. In the HV and PV groups the collagen amount was significantly more than the BD group. The IHC and SEM 
images showed that the ECM structure was preserved and cellular components were entirely removed. MTT assay 
showed the biocompatibility of the decellularized scaffold.
Conclusion: The results revealed that the HV is a more suitable route for liver decellularization than the PV and BD.  
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Introduction
Chronic and acute liver diseases are growing 

challenges responsible for approximately 2% of total 
deaths worldwide (1). Liver transplantation is the last 
treatment option in end-stage liver disease; however, 
shortage of transplantable tissues is the major obstacle 
for this therapeutic approach (2). In order to surmount 
this challenge, engineering liver tissue by employing 
decellularization-recellularization techniques has become 
a valuable strategy in recent years (3). The decellularization 
technique aims to provide a healthy cell-free tissue with 
preserved extracellular matrix (ECM) composition, intact 
3D macro- and micro-structure, and a maintained vascular 
network. Subsequently, the decellularized scaffold could 
be engineered by recellularization. These cells then 
attach onto the scaffold, proliferate, differentiate, become 
functional, and create a new engineered tissue for tissue 
transplantation (4). 

ECM consists of functional and structural molecules, 
which play a pivotal role in the viability, proliferation, and 
differentiation of transferred cells after re-cellularization 
(5). Thus, preserving the bio-architecture of the ECM 
with the maximum bioactive molecules is a pivotal 
aspect of tissue engineering. Different decellularization 
strategies have been designed utilizing single or multi-step 
mechanical, chemical, and enzymatic protocols, leading 
to various undesirable structural and compositional effects 
on decellularized ECM (6). Optimizing decellularization 
methods has become an interesting issue for researchers 
in order to reduce the destructive impact of the current 
techniques by selecting suitable material and conditions 
regarding cellular density, specific ECM structure, 
physiological function, and anatomy of aimed tissue (7). 
The optimized decellularization method is a rapid and 
effective procedure for cell destruction and removal of 
the cell membrane, cytoplasmic organelles, and nuclear 

35-44



Cell J, Vol 25, No 1, January 2023 36

Liver Decellularization through Different Perfusing Routes

content debris from the tissue in the shortest time. 
Simultaneously, maintaining the structural components 
of tissue scaffold such as various collagen types, laminin, 
fibronectin, and glycosaminoglycans (GAGs) and 
preventing washing of growth factors, cytokines, and 
other signaling molecules out of the ECM are essential 
parameters in an optimized decellularization protocol 
(8). The controversial challenge of decellularization 
protocols is balancing between cellular debris removal 
that reduces the immunogenicity problems of the ECM 
and preserving the crucial components of the scaffold 
that is pivotal for cellular function after re-cellularization 
(9, 10). Therefore, designing a non-immunogenic, non-
toxic, and non-pathogenic scaffold depends on utilizing 
effective decellularization strategies. The primary cause of 
decellularized scaffold immunogenicity is the remaining 
cellular DNA, RNA, and membrane antigenic epitopes, 
as well as decellularizing agents such as detergents in the 
ECM (11). Thus, removing antigens from decellularized 
scaffold as much as possible will reduce the chance of 
immune reaction.

In order to increase the decellularization efficacy and 
reduce immunogenicity, selecting an appropriate access 
route for infusing decellularization agents is pivotal. The 
common way to whole organ decellularization is the use 
of the main blood supply vein and artery of the organ to 
achieve the optimum decellularized scaffold, but the blood 
circulation system of the liver is quite specific and unique 
to this organ. Unlike other organs, the liver possesses four 
major routes including three main blood vessels [the portal 
vein (PV) and hepatic artery (HA) as blood entry routes, 
and the hepatic vein (HV) as the only blood outlet], and 
bile duct (BD) network which originates from the depths of 
the liver tissue. The vascular network in the structural units 
of the liver (sinusoids) contains three branches of vessels 
and a biliary duct (BD) as part of the biliary system (12). 
The rapid penetration rate of decellularization agents in 
each part of the liver, which is critical for decellularization 
efficacy, depends on the administration route. The present 
study aims to demonstrate the success rate of whole rat 
liver decellularization by administration of decellularizing 
agents through different routes, including PV, HV and BD 
in similar conditions. 

Material and Methods
Rat liver isolation

In this experimental study, adult male Sprague-
Dawley rats (200-300 g) were used to provide the 
intact liver. The animals were kept under standard 
controlled environment conditions (12:12 hours. light/
dark cycle) with free access to food and water. The 
rats were anesthetized by intraperitoneal injection 
(IP, 0.1 ml/kg) of ketamine/xylazine cocktail based 
on the guideline of the Institutional Animal Care and 
Use Committees (IACUC). After skin disinfection, 
animals were placed in an abdominal surgery position, 
and a U-shaped incision was performed to expose the 

abdominopelvic cavity. BD (26 G), PV (24 G), and 
HV (22 G) were cannulated by an intravenous catheter 
(Tabanmedic, IR). Besides, the hepatic artery and 
superior vena cava were ligated by a 4-0 silk suture. 
Subsequently, 0.5 ml of 200 IU/ml aqueous heparin 
(Daru Pakhsh, IR) solution was injected into the PV 
to prevent blood coagulation. Finally, the liver was 
removed from the abdominopelvic cavity and rinsed 
by 50 ml of sterile heparinized phosphate-buffered 
saline (PBS, 10 IU/ml) by a 0.5 ml/minute perfused 
flow rate and stored in PBS at 2-8˚C for starting the 
decellularization process. 

Rat liver decellularization

According to previous studies, a chemical method 
consisting of a combination of detergent and enzymes 
was used for whole organ decellularization (13). The 
harvested liver was transferred to the main chamber 
of a home-designed decellularization bioreactor under 
the biological class B safety cabinet (Fig.1A). The 
bioreactor consists of four major parts: i. The main 
chamber: It is a chamber in which the liver is placed 
for decellularization. It has three inlet and outlet 
channels to connect to the routes of the liver. During 
the perfusion of decellularization solutions, one of 
the routes was selected for entry of the fluid and was 
connected to the perfusion inlet fluid valve and two 
other routes were used as fluid outlets. ii. Perfusion 
pumps: peristaltic pumps are designed to supply the 
required flow rate for decellularization solutions in 
the path of the inlet and outlet routes from 0.5 to 1.5 
mL/minute in different steps. iii. Media reservation 
bottles: the chambers or bottles are installed for 
storage and perfusion of the solutions to the inlet route 
i and collection of the outlets’ effluents. iv. Tubes, 
connectors and valves: different types and sizes of 
tubes, connectors and valves are designed to guide 
solutions into the liver at specific times and collect 
the effluents. Rat liver decellularization was done 
through one of the three different perfusion routes: 
BD, PV, and (HV) (Fig.1B); using a method consists 
of chemical detergents and enzymes.

The decellularization process was initiated by 
infusing Krebs-Henseleit buffer (PH=7.4) consisting 
of NaCl 118 mM (Merck, Germany), NaHCO3 25 mM 
(Merck, Germany), KCl 4.7 mM (Merck, Germany), 
KH2PO4 1.2 mM (Merck, Germany), MgSO4 1.2 
mM (Merck, Germany), CaCl2 1.25 mM (Merck, 
Germany) and Glucose 11 mM (Merck, Germany) 
perfused at a 0.5 mL/minute flow rate for removing 
the remaining blood in the liver (14). Decellularization 
was continued by administrating different aqueous 
materials including Sodium dodecyl sulfate (SDS, 
Merck, Germany), Triton X100 (Merck, Germany), 
and sodium deoxycholate (SDC, Sigma-Aldrich, 
USA) with different concentrations, durations, and 
flow rates which are shown in Figure 1C. 
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Fig.1: The bioreactor, perfusing routes and process of liver 
decellularization. A. Custom-designed whole rat liver decellularization 
bioreactor and its main chamber. The cannulated routes (HV, PV, and 
BD) of rat liver were connected to the main chamber valves letting the 
decellularization solutions to circulate in the liver by peristaltic perfusion 
pump. B. Schematic anatomical structure of the rat liver vascular network. 
C. Diagram of rat liver decellularization protocol illustrated by detailed 
information of each step, including ingredient, flow rate, and duration. 
The rat liver before and after the decellularization process is shown in the 
start and endpoint of the diagram. HV; Hepatic vein, PV; Portal vein, and 
BD; Biliary duct.

DNA content measurement

Measurement of total remaining DNA in the 
decellularized tissues was conducted for freeze-dried 
decellularized livers as well as the decellularization 
effluent during perfusion in all study groups, using the 
DNeasy Blood & Tissue Kit (QIAGEN, Germany). 
Briefly, total DNA was extracted from 1mL of effluent 
samples and 15mg of dried tissue according to the kit’s 
instructions. DNA concentration was measured using a 
Nanodrop spectrophotometer (ND2000, Thermo, USA) 
at 260 nm. The data of DNA content was normalized 
to 1mL of effluent volume or 1mg of dried tissue 
weight. Equal volumes of the extracted DNA of the 
decellularized scaffold were loaded onto 1% (w/v) 
agarose gel and electrophoresed with a 100 bp DNA 
ladder (Invitrogen-15628019, USA) to investigate DNA 
fragments.

Histological evaluation of extracellular matrix 
structure

Freshly isolated and decellularized liver scaffolds 
were fixed by 10% formalin solution for 24-48 hours. 
After dehydration by a series of ascending ethanol 
concentrations (60-100% v/v) and immersion in Xylene 
(Merck, Germany), tissues were embedded in paraffin. 
The samples were cut into 5 µm thickness slides with 
a microtome (MICRO DS, 4055) and stained with 
standard Hematoxylin-Eosin (H&E). The sample slides 
were also stained with 300nM DAPI (4’, 6-diamidino-
2-phenylindole di-hydrochloride, Sigma-Aldrich, USA) 
solution to assess the removal of the nuclear components 
of the scaffold. The sections  of decellularized liver 
samples were also stained by Masson Trichrome and Van 
Gieson for investigation of the ECM network structure. 

Total protein measuring assay 
To evaluate the total protein content of the 

decellularization effluents, we measured the total protein 
concentration by the Pyrogallol red assay kit (BIOREX 
diagnostic, UK) based on a colorimetric assay with optical 
absorbance at 600 nm. After each decellularization step, 
the effluent was sampled and the total protein content 
was evaluated after papain digestion, hydrolyzation, and 
neutralization as were described in the previous section. 
The total protein amount was normalized to 1 mL of 
effluent volume.

Extracellular matrix component measuring assay

For a detailed evaluation of ECM composition, 
the amounts of remaining collagen and GAGs in 
the decellularized tissue were measured. Intact and 
decellularized liver tissues were cut into small pieces and 
lyophilized. Subsequently, samples were weighed and 
digested with Papain (Sigma-Aldrich, USA, 150 µg/mL) at 
60˚C overnight. The contents of the GAGs were evaluated 
according to Farndale et al. (15) with the colorimetric 
reaction between DMMB (1,6-dimethylmethylene blue, 
Sigma-Aldrich, US) and GAGs at 525 nm. Afterward, 
the collagen contents were quantified indirectly using a 
colorimetric assay to detect hydroxyproline, as described 
by Reddy and Enwemeka (16). Briefly, papain digested 
samples were hydrolyzed with 6 N HCL at 105˚C for 18 
hours. The hydrolyzed samples were neutralized by 5 N 
NaOH and then oxidized with Chloramine-T (Merck, 
Germany). Finally, the samples were reacted with para-
dimethylaminobenzaldehyde (Thermo Fisher, USA). 
The optical absorbance at 570 nm indicated the amount 
of hydroxyproline in the samples. Collagen values were 
calculated assuming 12.5% of collagen is hydroxyproline. 
The amounts of collagen and GAGs were normalized to 
1mg of dried tissue weight.

Scanning electron microscopy 
For ultrastructural investigation of the decellularized 

scaffold of rat liver, samples were fixed in a 2% 
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glutaraldehyde solution for 24-48 hours at room temperature. 
The samples were washed three times with fresh PBS. After 
the dehydration process by a series of ascending ethanol 
solutions (60-100% v/v), the samples were prepared for 
scanning electron microscopy (SEM) by a chromium-coated 
sputter. The ultrastructure of the ECM was visualized using a 
JEOL 7401F field emission electron microscope.

Immunohistochemical analysis 
We performed immunohistochemistry (IHC) staining to 

determine the critical protein content of the decellularized 
liver scaffold. After processing the samples using the standard 
tissue protocol, same as for H&E staining, the samples were 
permeabilized, and antigen retrieval was done. The primary 
antibodies including rabbit anti-rat collagen type I (1:500, 
Millipore-AB755P, Germany), rabbit anti-rat collagen type II 
(1:250, Millipore-AB2036, Germany), goat anti-rat collagen 
type IV (1:100, Millipore-AB769, Germany), rabbit anti-rat 
laminin (1:200, Abcam-AB11575, USA) and rabbit anti-rat 
fibronectin (1:250, Abcam-AB2413, USA) were used in IHC 
staining. 

Evaluation of cell proliferation on decellularized scaffolds
Cell proliferation on decellularized liver scaffolds was 

examined using the MTT assay. Both HepG2 (as a hepatocyte 
model) and HUVEC (as an endothelial cell model) cell lines 
were used separately in this investigation. The HV, PV, and 
BD decellularized liver scaffolds were cut into cubic form 
(5×5×5 mm) and kept overnight in 24-well plates in DMEM. 
Afterwards, the medium was renewed by DMEM medium 
containing 10% FBS, 1% penicillin/streptomycin, 100 mM 
sodium pyruvate, and 1.5 g/L sodium bicarbonate. The cells 
were suspended at a density of 2×106 cells per 50 µL (for 
each cubic decellularized scaffold), filled in a 0.5 mL insulin 
syringe, and released drop by drop onto the scaffolds. To 
allow cell attachment, the seeded scaffolds were placed in 
an incubator for 1 hour and followed by the addition of cell 
culture medium with a total volume of 1.2 mL per well on 
day 0. The same density of cells cultured in the culture plate 
was used as control. The MTT assay was performed at 1, 2, 
3, and 7 days after cell culture by replacing the medium and 
adding 0.5 mg/ml MTT solution to each well and incubating 
at 37˚C for four hours. In the final step, all medium was slowly 
removed and 500 µL dimethyl sulfoxide (DMSO) was added 
to dissolve the formazan crystals. The absorbance of the well 
solution was measured at 570 nm using a microplate reader 
(Mindray plate reader MR-96A).

Statistical analyses
To achieve reproducible results, each independent 

decellularization group consisted of five samples, and all 
experiments were repeated at least three times. All statistical 
analyses were done using the Graph Pad Prism 8 software 
(GraphPad Software, USA) and were represented as mean 
± standard deviation (SD). The results were compared 
by analyzing with one-way ANOVA and Tukey’s tests to 
determine the significance of differences between groups 
were P<0.05 were considered statistically significant.

Ethics
This study was approved by research Ethics Committees 

of School Medicine, Shahid Beheshti University of 
Medical Sciences (IR.SBMU.MSP.REC.1398.756).

Results
Rat liver decellularization

Isolation and decellularization of rat liver were conducted 
using the decellularization protocol and selecting the infusion 
routes amongst the hepatic vein, portal vein, and biliary duct. 
The total decellularization time, including initial, middle and 
final washing steps, was less than 10 hours.

Macroscopic evaluations demonstrated that the 
decellularized scaffold was transparent with vascular 
network appearance in the PV and HV groups. No visible 
macroscopic difference was detected between these two 
groups, while the decellularized scaffold of the BD group 
had an opaque and unclear appearance, which showed 
incomplete liver decellularization (Fig.2A-C). 

The H&E stained slides of intact and decellularized 
tissue revealed that selecting the HV and PV routes for 
decellularization led to removing all cellular contents. In 
addition, the remaining scaffolds had a fibrillary ECM 
structure. In contrast, in the BD group, cellular debris remained 
in parts of the scaffold, indicating that the decellularization 
process was incomplete (Fig.2D-F). 

DNA content of extracellular matrix and effluents 

Quantitative evaluation of the total DNA content of the 
decellularized liver scaffold in the three experimental groups 
demonstrated that total the DNA amounts in the HV, PV, 
and BD groups were 20.6 ± 5.4, 102.0 ± 11.1, and 602.8 ± 
64.7 ng/mg of dry tissue, respectively (Fig.3A). These results 
exhibited that using the HV route for liver decellularization 
resulted in the lowest level of residual DNA content in the 
scaffold compared to the PV and BD routes. In the HV group 
the remaining DNA content was approximately 20.6 ng/
mg of dry liver scaffold that was lower than 50 ng/mg dry 
weight as an accepted threshold level for approval of a tissue 
decellularization protocol. The DNA gel electrophoresis 
pattern is illustrated in Figure 3B. In the HV group, the 
fragment length of residual DNA was lower than 150 bp. 
However, a higher amount of DNA with a wide distribution 
of DNA fragments (approximately less than 200 bp) was seen 
in the PV group. On the other hand, higher amounts of DNA 
with longer lengths were observed in the BD group which 
is similar to the DNA electrophoretic pattern of intact liver. 
DAPI staining results also confirmed these results (Fig.3C-F).

Quantitative assessment of the effluents’ total DNA revealed 
that the maximum amount of DNA removal occurred after 
using 1% and 0.5% SDS in the fourth step in the PV (1599 
± 137 µg/mL) and HV (2384 ± 413 µg/mL) groups. Besides, 
a significant difference (P<0.001) between the effluent 
DNA content of the HV and PV groups was observed in the 
maximal point at the 195th minute (Fig.3G). After that, the 
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effluents’ DNA content in both groups decreased gradually 
until the last stage. In contrast, the total amount of DNA did 
not sharply peak at any decellularization step in the BD group; 
rather, relatively high amounts of DNA were removed from 

the liver during all stages continuously. A closer look at the 
last step DNA content of effluent in the HV and PV groups 
shows that the DNA content in the HV route reached zero 
faster than the PV route (Fig.3H).

Fig.2: Macroscopic and histological evaluation of decellularizes livers. Macroscopic pictures of A. Decellularized liver with HV, B. PV and C. BD routes show 
complete decellularization in the HV and PV groups, but incomplete in the BD route group. Microscopic evaluation by H&E staining in all groups showed 
no cells in D. The HV and E. PV groups, but in F. The BD samples, some parts of the scaffold were not cleared of cells after decellularization which are 
shown with a black arrow in the picture (scale bar: 100 µm). HV; Hepatic vein, PV; Portal vein, and BD; Biliary duct.

Fig.3: Evaluating the DNA content. A. Comparison of the DNA content of decellularized liver through the PV, HV, and BD routes with that of IL. B. DNA gel 
electrophoresis pattern in all experimental groups. C-F. DAPI staining in the IL, PV, HV and BD groups, respectively (scale bar: 100 µm). G. Effluent of the 
DNA content of the HV, PV, and BD groups during liver decellularization steps. H. Comparison of total DNA content of the decellularization effluent for the 
HV and PV routes at final steps. All quantitative data were analyzed through one-way ANOVA and by Tukey’s tests and represented as mean ± SD (n=5). 
HV; Hepatic vein, PV; Portal vein, BD; Biliary duct, IL; Intact liver, *; P<0.05, **; P<0.01, and ***; P<0.001.
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Total protein and extracellular matrix components of 
the decellularized scaffold 

Data from total protein measurement demonstrated 
that the patterns of removing protein from the liver 
in all three experimental groups were relatively 
similar, even though there were differences among 
the protein concentrations and excretion times of 
the groups (Fig.4A). In the BD group, there was a 
significant delay in protein release. However, in the 
HV and PV groups, the protein content of the effluents 
were maximum after SDS solutions and subsequently 
decreased gradually in the next decellularization steps. 
The proteins excreted in the HV and PV groups were 
undetectable and significantly lower than the BD group 
in the final stages.

The results of specific methods for investigating 
the remaining extracellular proteins such as collagen 
and GAGs in decellularized scaffolds demonstrated 
that liver ECM proteins were affected during 
decellularization.

As Figure 4B shows, the total GAGs amount in the 
intact liver was 62.74 ± 7.28 µg/mg of dried tissue, 
while in the PV, HV, and BD groups, the amounts of 
GAGs were 25.48 ± 4.35 µg/mg, 28.36 ± 1.90 µg/
mg and 43.94 ± 7.68 µg/mg, respectively. These data 
indicate that the total GAGs levels were diminished 
when cellular contents were eliminated from the liver. 
Although there was no difference between the PV and 
HV groups in GAGs levels, a significant decrease 

in liver GAGs amounts was seen in both mentioned 
groups compared with intact liver (P<0.001) and BD 
groups (P<0.05). Besides, the total collagen level in 
the intact liver (79.96 ± 7.96 µg/mg of dry tissue) was 
significantly lower than in the PV, HV, and BD groups 
(P<0.001). Total collagen levels in the decellularized 
scaffold by hepatic and PV routes were significantly 
higher (P<0.001) than the produced scaffold by the 
BD route (Fig.4C).

Extracellular matrix specific proteins detection 

SEM images of the HV group showed that the 
decellularization process was successfully performed 
and the cells were completely removed while the ECM 
microstructure was preserved. (Fig.5A, B). Likewise, 
the images obtained from specific histological staining 
(Masson Trichrome and Von Geison) showed that major 
proteins of ECM were conserved in decellularized 
liver scaffolds and confirmed the absence of cells in 
the scaffolds (Fig.5C, D). 

To better investigate the ECM protein components 
in the decellularized scaffold, we used IHC staining to 
evaluate the ECM specific proteins in the PV group as 
a better decellularized group according to the above 
results. IHC staining images revealed that the major 
and specific ECM proteins collagen type I, II, and IV, 
and laminin were preserved in the decellularized liver 
scaffold in the HV group (Fig.5E-H). 

Fig.4: Quantitative comparison of ECM components. A. Total protein content of decellularization effluent via three different routes including the HV, PV, 
and BD during decellularization steps. Comparison of B. GAGs and C. Collagen contents after decellularization of rat liver via the PV, HV and BD versus IL. 
All data were analyzed through one-way ANOVA and by Tukey’s tests and represented as mean ± SD (n=5). ECM; Extracellular matrix, HV; Hepatic vein, PV; 
Portal vein, BD; Biliary duct, GAGs; Glycosaminoglycans, IL; Intact liver, **; P<0.01, and ***; P<0.001.
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Cytotoxicity and cell proliferation measurement 
The MTT assay was used to evaluate the viability 

and proliferation of the cells on rat decellularized liver 
scaffolds at the end of days 1, 2, 3, and 7 after two cell 
lines culturing on the scaffolds. According to (Fig.6A), 
the difference between the viability of HepG2 cells in 
cultured plates (control) and the cells cultured on the HV, 
PV, and BD scaffolds was not significant during days 1 and 
2. However, at days 3 and 7, the HepG2 viability for all 
scaffolds was significantly greater than the control group 

(P<0.05). Moreover, the viability of HepG2 cultured on 
scaffolds significantly increased at day 3 compared to 
day 2, as well as day 7 compared to day 3 (P<0.01 and 
P<0.001, respectively), which is an indication of cell 
proliferation after day 3 in the PV, HV, and BD groups. 

As shown in Figure 6B, HUVEC cells viability 
assessment indicated a similar pattern to that of HepG2 
proliferation except that in comparison with HepG2, 
proliferation of HUVEC cells at day 7 was more 
significant compared to day 3 (P<0.0001).

Fig.5: Evaluating the preservation of ECM component after decellularization. Representative SEM images of A. IL and B. Decellularized liver of HV group. 
C. Masson’s Trichrome staining, D. Von Geison staining. E. IHC staining of collagen type I, F. Collagen type II, G. Laminin, and H. Collagen type IV, all for 
decellularized liver through the HV route (scale bar: 100 µM). ECM; Extracellular matrix, SEM; Scanning electron microscopy, IL; Intact liver, HV; Hepatic 
vein, and IHC; Immunohistochemical.

Fig.6: Cytocompatibility measurement of three types of decellularized scaffold. A. Evaluation of HepG2 and B. HUVEC viability and proliferation at days 
1, 2, 3 and 7 of cell culture. All quantitative data were analyzed through one-way ANOVA and by Tukey’s tests and represented as mean ± SD (n=5). HV; 
Hepatic vein, PV; Portal vein, BD; Biliary duct, *; P<0.05, **; P<0.01, and ***; P<0.001, and ****; P<0.0001. 
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Discussion
Decellularization of the whole organ has been a promising 

approach in tissue engineering in the recent years. This 
technique aims to achieve natural three-dimensional 
scaffolds from various allogeneic or xenogeneic origins 
with a preserved vascular network (17). The characteristics 
and quality of a decellularized scaffold are closely related 
to the decellularization method (18). 

Many studies have evaluated different physical and 
chemical techniques to improve liver decellularization. 
For example, various detergents, different concentration 
of reagents, the flow rate of the solution, and perfusion 
conditions have been studied to improve the properties 
of the decellularized liver (19). But so far, there is no 
detailed study about the effect of the perfusion route on 
the outcome of the decellularization process. In this study, 
we evaluated the role of three different perfusion routes on 
rat liver decellularization.

The duration of decellularization plays an important 
role in the quality of the resulting scaffold. Prolonging 
the decellularization procedure destroys the components 
of the extracellular matrix, including collagen, GAGs and 
elastin, which leads to the weakening of the mechanical 
properties of the scaffold (20, 21). In this study, we 
reduced the decellularization time to about 8h that was 
enough for complete cell removal. 

Tissue DNA content, visible nuclear components, and 
DNA fragments length are three of the most powerful 
tools for assessing the adequacy of tissue decellularization 
(22). Utilizing the PV or HV routes led to a similar pattern 
of DNA and protein contents in the effluents. However, 
this pattern was not observed in the BD route. Elution of 
the DNA and proteins from the liver in the PV and HV 
groups exhibited the effective disruption of the cellular 
and nuclear membrane in the first steps. Subsequently, 
decrease of DNA and protein contents in the middle stages 
indicated that most of the cells have been removed in the 
first stage. These results are consistent with previous 
decellularization studies which used the PV for liver 
decellularization (23, 24). In contrast, in the BD group, 
DNA and protein were not completely removed from 
the liver even during the final steps. This data revealed 
that decellularization through the BD was not completely 
successful.

One of the objects of the present study was the comparison 
between HV and PV routes for liver decellularization. 
Although there was no significant difference in the amount 
of the eluted proteins between these two groups, utilizing 
HV as the decellularization route led to a faster reduction 
in the amounts of DNA compared to the PV group. The 
DNA content in the last six decellularization steps with 
the HV group was significantly lower than the PV group. 
These results indicate that the HV is better than the PV 
for eluting DNA from the liver. These results demonstrate 
that during the decellularization process, the use of the 
HV route is more appropriate than the PV route in order to 

minimize decellularization time. 
In accordance with the defined standards, the residual 

DNA amount should be less than 50 ng per 100 mg of 
the dry scaffold with no more than 200 bp length (25-
27). The quantitative analysis of remaining DNA and 
nuclear components demonstrated that residual DNA 
content in the HV group was within this standard range. 
Furthermore, while the residual DNA length in the HV 
and PV groups is acceptable and DAPI staining confirmed 
lack of nuclear components in the decellularized scaffold 
in both groups, gel electrophoresis results revealed that 
compared to the PV group, the amount of residual DNA 
in the HV group is lower, DNA length is smaller, and 
DNA fragments length distribution is narrower. On the 
other hand, in the BD group we saw that higher amounts 
of DNA with a longer length remained, similar to the 
intact liver. 

One of the main reasons for superiority of HV route 
for decellularization is the unique blood supply system 
of the liver, in which the PV supplies 70–75%, and the 
hepatic artery provides 25–30% of normal liver blood 
flow (28); but, total blood volume (100%) leaves the liver 
through the HV to maintain liver hemodynamic condition 
(29). Therefore, it can be concluded that the circulation 
capacity of the HV equals to that of the PV plus the 
hepatic artery. Considering the structure of liver sinusoids 
in which the central HV is surrounded by a triad including 
portal vein, hepatic artery, and biliary duct, the diameter 
and circulation capacity of the HV are higher than those 
of the PV (30). Accordingly, the time for flushing cellular 
debris out of the tissue was faster through the HV, so, it 
was better using the HV for liver decellularization.

Preservation of the ECM ultrastructure during 
decellularization is another critical challenge in tissue 
decellularization. Preservation of the structural proteins 
and mechanical properties of the decellularized scaffold 
is needed for successful production of a new engineered 
tissue (20). The results of IHC, specific staining of 
structural proteins, and electron microscopy confirmed 
that the ECM component and its network were preserved 
during decellularization through the HV or PV routes. 
Also, qualitative evidence of the remaining ECM proteins 
in the decellularized scaffold showed that in both HV 
and PV groups, the total GAGs and collagen levels were 
similar. Our data is similar to previous studies in which 
the total amounts of residual GAGs in the decellularized 
scaffolds significantly decreased in the HV and PV groups 
compared to the intact liver (31). It seems that this result 
is due to the high solubility of GAGs in aqueous solution 
and their removal from ECM during the decellularization 
protocol (31, 32). The greater collagen amount in the 
ECM of the HV and PV groups compared to the native 
and BD groups can be explained by considering the 
normalization method based on dry tissue weight. Intact 
tissues and incomplete decellularized scaffolds of the BD 
group mainly contain cells and insoluble collagen fibers. 
Thus, the weight ratio of collagen to tissue is lower than 
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decellularized liver. Complete decellularization mainly 
removes cells without insoluble collagen fibers, 
resulting in an increased ECM portion in dry tissue 
weight (9). It is necessary to consider the mentioned fact 
to explain controversial results from previous studies; 
different parameters of the decellularization protocols 
such as various types of detergents, concentrations, 
and tissues exposing time during decellularization, 
profoundly affect the preservation of ECM structure 
and content (31, 33, 34). Similar to other studies, our 
investigation with the IHC technique revealed that 
major ECM proteins, such as collagen type I, II, IV, 
and laminin were preserved in the HV decellularized 
scaffold as the best group with minimal residual DNA 
and maximal conserved ECM components.

Biocompatibility is the most important property 
of a scaffold. Studies have shown that residual 
decellularization agents such as SDS and Triton X100 can 
leave cytotoxic effects on the decellularized scaffold (35). 
Therefore, it is necessary to wash the tissue carefully at 
the end of the decellularization process. In this study, after 
the last step of decellularization, the decellularized tissue 
was thoroughly washed in two steps, with distilled water 
and PBS (each for one hour), respectively. Furthermore, 
for culture of the cells, the decellularized tissue pieces 
were incubated for 24 hours in DMEM to ensure the 
complete removal of reagents residues. Evaluating the 
cell viability of three types of decellularized scaffolds 
revealed that all scaffolds are biocompatible and suitable 
for cellular repopulation. These results confirmed that the 
decellularized liver could be used as a natural scaffold for 
liver regeneration (36, 37). The human liver carcinoma 
cell line (HepG2) is most commonly used because of the 
advantages of availability and maintenance, the features 
characteristic of normal hepatocytes (38). As well, human 
umbilical vein endothelial cells (HUVECs) are one of 
the most popular cell line used as an in vitro model for 
endothelial cells (39). We used these two different cell 
lines to assess cell proliferation on decellularized liver 
scaffolds because the liver is composed of many different 
cell types in which, hepatocytes and endothelial cells have 
some essential performances as two types of primary cells 
(non-parenchymal cells) (40).

More studies would be required to evaluate the re-
cellularization efficiency of the scaffolds following 
different decellularization strategies. Besides, additional 
preclinical studies should investigate the liver function in 
animal models to enhance the translation of preclinical 
results to clinical practice.

Conclusion
The present study demonstrated that rat decellularized 

liver scaffold could be obtained from different 
decellularization routes such as the HV, PV, and BD. 
The results of these experiments revealed that the 
HV is a more suitable route than the PV for rat liver 
decellularization. 
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Abstract
Objective: Preeclampsia (PE) is a pregnancy related disorder with prevalence of 6-7%. Insufficient trophoblastic 
invasion leads to incomplete remodeling of spiral arteries and consequent decrease in feto-placental perfusion. Altered 
placental expression of tissue inhibitors of matrix metalloproteinase (TIMPs) is considered to be involved in this process 
while the balance between matrix metalloproteinases (MMPs) and TIMPs contributes to remodeling of the placenta 
and uterine arteries by degradation and refurbishing of extracellular matrix (ECM). Therefore, TIMPs, fetal expression
pattern was evaluated with the aim of its potential to be used as a determinant for the (early) detection of PE.

Materials and Methods: In this case-control study, cell free fetal RNA (cffRNA) released by placenta into the maternal 
blood was used to determine expression patterns of TIMP1, 2, 3 and 4 in the severe preeclamptic women in comparison 
with the normal pregnant women. Whole blood from 20 preeclamptic and 20 normal pregnant women in their 28-32 
weeks of gestational age was collected. The second control group consisted of 20 normal pregnant women in either 14 
or 28 weeks of gestation (each 10). cffRNA was extracted from plasma and real-time polymerase chain reaction (PCR) 
was done to determine the expression levels of TIMP1, 2, 3 and 4 genes. 

Results: Statistical analysis of the results showed significant higher expression of TIMP1-4 in the preeclamptic women 
in comparison with the control group (P=0.029, 0.037, 0.037 and 0.049, respectively). Also, an increased level of TIMPs 
expression was observed by comparing 14 to 28 weeks of gestational age in the normal pregnant women in the second 
control group.

Conclusion: An increased cffRNA expression level of TIMPs may be correlated with the intensity of placental vascular 
defect and may be used as a determinant of complicated pregnancies with severe preeclampsia. 
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Introduction
Preeclampsia (PE), a multi-system disorder of pregnancy, 

is diagnosed by new onset of hypertension and proteinuria 
after 20 weeks of gestation in a previously normotensive 
woman. A systolic blood pressure>160 mmHg or diastolic 
blood pressure >110 mmHg defines severe preeclampsia. 
PE is one of the leading causes of maternal/fetal morbidity 
and mortality, which affects 6-7% of all pregnancies (1). 
The main etiology of PE is still unclear, but it seems that 
several factors such as placenta are largely involved.  
While there is not a general agreement on the amount 
of proteinuria to define the severity (2) although, several 
other symptoms such as edema, renal or liver failure and 
the hemolysis, elevated liver enzymes and low platelet 
counts (HELLP syndrome) may also develop based on 

organ involvement (1). PE can lead to early-onset of 
severe hypertension accompanied with a fetal growth 
restriction that requires pregnancy termination before 
34 weeks of gestation. Late-onset mild hypertension 
that needs to terminate the conception or after 34 
weeks of gestation with a normally grown fetus may 
also represent as a milder form of the disease (3). It 
is assumed that the poor cytotrophoblastic invasion 
in the PE leads to abnormal remodeling of the uterine 
arteries and inadequate oxygen delivery to developing 
utero-placental unit (4). This will consequently lead to 
placental endothelial dysfunction and oxidative stress (5). 
Delivery of the placenta and fetus is the only treatment to 
prevent maternal organ injury (6), while early detection 
of PE helps to plan appropriate monitoring and clinical 
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management (7).

The recent discovery of fetal cells and cell free fetal 
nucleic acids in the maternal blood has provided a new 
possibility for a non-invasive prenatal diagnosis (8). 
Analysis of fetal RNAs in the maternal plasma has also 
produced valuable information about the condition of 
gene expression in fetal tissues in the complicated 
pregnancies. The cell free fetal RNA (CffRNA) was not 
expected to be present in the plasma due to the presence 
and action of ribonuclease (RNAses) (8, 9). However, 
recent studies revealed an altered level of placental-
specific mRNA coding for corticotrophin releasing 
hormone (CRH) in the PE (10). In addition, cell-free 
mRNA concentrations of CRH, PLAC1, and P-selectin 
are increased in the plasma of pregnant women with 
preeclampsia (11).Subsequently, it was postulated that 
the placental-expressed mRNAs were encapsulated 
within a syncytiotrophoblast-derived microvesicle 
(STBM), which provides RNase resistance to “cell 
free” fetal RNA in the maternal plasma in comparison 
with the maternal RNA (11). It is known that tissue 
inhibitors of matrix metalloproteinase (TIMPs) adjust 
the matrix metalloproteinases (MMPs) activity in 
different stages of pregnancy (12, 13). So during 
pregnancy, the level of MMPs/TIMPs activity plays an 
important role in the uterine spiral arteries remodeling 
through governing cytotrophoblastic invasion (14, 
15). This suggests that MMP/TIMP imbalances could 
have an important role in the implantation failure and 
placental development (16).

Actually the expression pattern of TIMPs gene 
family has been previously evaluated in the PE using 
samples from placenta or whole RNA (but not the 
fetal component) from maternal plasma. In this study 
and for the first time, we used maternal blood and cell 
free fetal RNA to compare those with and without 
PE (fetal component) with the aim of its potential 
application for early and non-invasive prenatal 
screening/diagnosis.

Material and Methods
Samples were provided by the prenatal unit, Imam 

Khomeini Hospital Complex, Tehran, Iran. A written 
informed consent, approved by the Royan institutions’ 
Ethical Committee of the Research Council, Tehran, Iran 
(IR.ACECR.ROYAN.REC.1394.24) was received from 
all the participants.

Study groups
In this pilot case-control study, twenty severe 

preeclamptic women that suffered of average proteinuria 
of 3+ and systolic blood pressure ≥ 160 mmHg or diastolic 
blood pressure ≥110 mmHg) participated and also, twenty 
normal pregnant women were included as a matched 
control group in their 28-32 weeks of gestational age. We 
also evaluated the second control group which consisted 

of 10 pregnant women in 14 and 10 other pregnant 
women at 28 weeks of gestational age as an additional 
investigation.

All participants aged 20 to 45 years old. Chronic 
hypertension before 20 weeks of pregnancy, history of 
gestational diabetes and kidney disease comprise our 
exclusion criteria. Actually, the normal control women 
were experiencing their first or subsequent pregnancies 
and all of them did not have any history of PE in their 
previous pregnancies. The sample size was based on the 
similar published works (17).

Plasma collection
To find out the probable variability of TIMPs cell 

free fetal expression level, as potential biomarkers 
for severe preeclampsia, we collected blood samples 
of the normal pregnancy at 14 weeks of GA and 28 
weeks of GA.

Peripheral blood (10 ml) was collected from all 
60 participants (20 PE cases, 20 normal pregnant 
gestational matched controls and 10+10 normal as a 
second control group at 14 or 28 weeks) in a K3EDTA 
tube (BD Biosciences, USA). Then, the tubes were 
centrifuged at 1600 g for 10 minutes at 4ºC. Plasma 
was carefully separated and transferred into 1.5 mL 
micro tubes (GUNSTER BIOTECH, TAIWAN). The 
plasma was re-centrifuged at 16000 g for 10 minutes 
and 4ºC. Then supernatants were transferred into 2 mL 
cryovials (SPL LIFE SCIENCES, Korea). The plasma 
samples were frozen in liquid nitrogen and stored at 
-70ºC.

Extraction of cell free fetal RNA and cDNA synthesis
The plasma samples were centrifuged at 16000 

g for 5 minutes at 4ºC following melting at room 
temperature. Extraction of cffRNA was done from 3 
mL of plasma according to manufacturer’s protocol 
(Cat. No. 55114, QIAamp Circulating Nucleic Acid 
Kit, Qiagen, Germany). CffRNA was eluted in the AVE 
buffer (Cat. No. 55114, QIAamp Circulating Nucleic 
Acid Kit, Qiagen, Germany) and stored at -70ºC until 
later use. Using reverse transcription process (RT) and 
following manufacturer’s protocol (Cat. No. 11754, 
SuperScript VILO cDNA Synthesis Kit, Invitrogen, 
USA.) complementary DNA (cDNA) was produced 
from each RNA template.

Real time polymerase chain reaction
Primers were designed by the Perl Primer (Table 1) and 

cell free fetal mRNA of TIMP genes were amplified. As 
housekeeping control gene, 18s was employed. Real time 
polymerase chan reaction (PCR) was set up using SYBR 
green, according to the manufacturer’s instructions (Cat 
No: 4367659, Applied Biosystems by Thermo Fisher 
Scientific, USA) in a reaction volume of 20 µL (each 
reaction contained: 5 µL SYBR green, 1 µL forward 
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and 1 µL reverse primer of 100 Pico mole/µL, 2 µL 
cDNA with concentration of 50 ng per µL and deionized 
water). Reactions were prepared in duplicate. In each 
PCR run, cDNA sample of preeclamptic women and 
their matched controls were examined under the same 
condition. cDNA samples from the second control 
group were evaluated in separate reactions. Real time 
PCR was carried out as follows: primary denaturation 
for 4 minutes at 95ºC, 10 seconds of denaturation at 
95ºC followed by 1 minute of annealing/extension 
at 60ºC (repeated for 45 cycles), and ultimately the 
melt curve analysis for 15 seconds started at 95ºC. 
Normalization of data was performed using 18s as 
housekeeping gene (ΔCt). The comparative threshold 
cycle method was used to calculate the changes in the 
relative gene expression (2-ΔΔCt).

Table 1:  Primer sequences for TIMPs real time polymerase chain 
reaction reactions

Product size 
(bp)

Primer sequences (5´-3´)Gene

151F: GTAACCCGTTGAACCCCATT 18s

R: CCATCCAATCGGTAGTAGCG

181F: GAA GTC AAC CAG ACC ACC TTIMP1

R: TTC CAG CAA TGA GAA ACT CCT

217F: CGACATTTATGGCAACCCT  TIMP2

R: GCACGATGAAGTCACAGAG

228F: CAAGCAGATGAAGATGTACCGATIMP3

R: GTGATACCGATAGTTCAGCCC 

193F: CTGCCAAATCACCACCTG  TIMP4

R: CGATGTCAACAAACTCCTTCC 

 

Statistical analysis

The results were analyzed using SPSS software 
(Version 16.0, IBM, USA). Normalization of the result 
was validated by the one sample K-S test (normal 
distribution: P>0.05). T test was used to compare the 
relative expression of TIMP genes in preeclampsia, first 
and second normal groups. The P≤0.05 were considered 
as statistically significant.

Results
The main demographic and biophysical features of 

the study groups are summarized in Table 2. Totally, 
60 samples were analyzed, including 20 preeclamptic 
and 40 normal pregnant women. We evaluated cell 
free expression patterns of TIMP genes of maternal 

plasma. The results indicated a significant increase 
in the TIMPs expression of the preeclamptic group in 
comparison with the matched normal group (P≤0.05, 
Fig.1).

To find out the probable variability of TIMPs cell 
free fetal expression level, as potential sever PE 
biomarkers, we collected blood samples of the normal 
pregnancy at 14 weeks, of GA and 28 weeks of GA. In 
second control group the results confirmed the presence 
of all TIMPs expression in both 14 and 28 weeks of 
normal pregnancies while the level of expression was 
relatively increased from 14 to 28 weeks of gestational 
age. Enhanced expression in 28 weeks compared to 14 
weeks (along with the increase in the placental mass) 
confirms the placenta as the source of fetal cell free 
RNAs (Fig.2).

Fig.1: Plot of real-time polymerase chain reaction analysis of TIMP1, 
TIMP2, TIMP3, and TIMP4 gene expression in maternal plasma of 
preeclamptic (PE) pregnancies versus their matched control group using 
cell free fetal RNA (cffRNA). All TIMPs showed significant increase in PE 
pregnancies compared to matched control. *; P=0.029, 0.037, 0.037, and 
0.049, respectively.

Fig.2: Plot of real-time polymerase chain reaction analysis of TIMP1, 
TIMP2, TIMP3, and TIMP4 gene expression in maternal plasma of 
14 weeks healthy pregnancies in comparison with 28 weeks normal 
pregnancies using cell free fetal RNA. Enhanced expression in 28 weeks 
compared to 14 weeks (along with the increase in the placental mass) 
indicates placenta as the source of detected cell free RNAs.
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Table 2: Demographic and biophysical variables of case and control group

Charactristics Normal pregnant women (matched control group) Severe preeclamptic women (case group)

Sample size (n) 20 20

Age (Y) 28.2 ± 4.7 32.7 ± 5.2

Systolic blood pressure (mmHg) 112.0 ± 7.1 165.0 ± 14

Diastolic blood pressure (mmHg) 80.5 ± 6.0 111.5 ± 8.7

Proteinuria (1-4 plus), median (IQR) - +3 (+2 to +4)

Gestational age (weak) 30.4 ± 1.5 30.6 ± 1.5

Data are presented as mean + SD.  SD; Standard deviation and IQR; Interquartile range.
.

Discussion
PE, an important cause of prenatal morbidity, leads to at 

least 50 thousands of annual maternal deaths all around the 
world. It is clinically diagnosed by the de novo hypertension 
and proteinuria after 20 weeks of gestation (18). The 
trophoblastic cells invasion reduction is considered as 
the central process of the PE pathophysiology which in 
turn leads to an incomplete remodeling of maternal spiral 
arteries and ultimately, the poor placental invasion (5). 
Currently, the only treatment to prevent maternal organ 
injury is pregnancy termination as soon as possible and 
delivery of the placenta and fetus (6). 

It is known that in the normal pregnancies, artery 
remodeling changes, including angiogenesis and 
trophoblastic invasion are maintained by the specific 
enzymes, MMP/TIMP (19). In pregnancies complicated by 
preeclampsia, an imbalance in MMP/TIMP activity may 
cause poor placental perfusion (13, 15). There are different 
TIMPs protein in human (TIMP1-4) which all act as 
endogenous inhibitors of active MMPs protein (20). TIMP 
proteins are crucial enzymes for the invasion processes 
of different types of cells, including cytotrophoblasts 
invading the uterus in human placentation (21).

There is not available, a clinically efficient screening 
test to accurately predict the occurrence of PE before its 
clinical onset (7). Discovery of placental/fetal mRNA 
in the maternal plasma may be a promising noninvasive 
biomarker (22). Cell free fetal mRNA unlike cffDNA 
is not dependent on the fetal gender and genotype (23). 
Also, a placenta derived mRNA, that is detectable in  the 
maternal plasma at 4 weeks of gestation, is rapidly cleared 
after delivery (6). 

Several studies have previously examined the 
expression patterns of TIMP genes at the protein 
level and reported significant changes in preeclamptic 
mothers (14, 24-26). To the best of our knowledge, 
there are no report to examine maternal plasma and 
fetal fractions of cell free RNA. The present study 
has provided a compilation of the cffRNA expression 
of TIMP genes ofthematernal plasma. Wecomparedit 
in the preeclamptic affected with thenormal 

pregnancies. Accordingly, wereport herefor the first 
time,a significant change in the degree of cffRNA 
expression in plasma of PE pregnancies.

TIMP1, a specific inhibitor of MMP9 and a proteolytic 
enzyme, mainly degrades the extracellular matrix (ECM). 
It also has an important role in a trophoblastic invasion 
(27). In pregnancies complicated with PE, an increased 
level of TIMP1 protein prevents the endothelial cell 
migration in the uterine vessels which may lead to an 
incomplete remodeling of spiral arteries (13, 14, 28). For 
the first time, we evaluated the expression of TIMP1 gene 
in the maternal plasma using cffRNA, which showed a 
significant increase in the PE women in comparison with 
the normal matched control group. This is consistent 
with previous studies that reported an increased levels of 
TIMP1 protein in the placental cells of PE groups (29). 

TIMP2, the specific inhibitor of MMP2 (30), acts 
as the first mediator of trophoblast invasion into the 
endometrium. It also participates in the remodeling of 
arteries and angiogenesis in early pregnancy (31, 32). 
In normal pregnancies, physiologic remodeling of the 
endothelial layer and degradation of elastic muscular-
vascular tissues may increase the blood supply to the 
developing fetus (14). However, in preeclampsia, collagen 
aggregation reduces the vessel wall elasticity and blood 
supply to the fetus where ultimately hypoxic damage 
happens. Increased level of TIMP2 and or decreased 
amounts of MMP2 may lead to the collagen aggregation 
(14) which is the triggers of preeclampsia. According to 
our data, the expression level of TIMP2 cffRNA in the 
PE group showed a significant increase in comparison 
with the normal matched control group. This is also in 
agreement with the results of previous studies of placenta 
samples (13, 14). 

TIMP3 is expressed in various tissues, and shows 
highest expression in the placenta. TIMP3 is considered as 
an effective factor in the process of fetal implantation and 
decidualization through regulating trophoblast invasion 
(25). Increased expression of TIMP3  protein inhibits 
the ECM degradation which is necessary for an efficient 
implantation through inhibition of MMPs (28, 32). Also, 
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TIMP3 protein prohibits the trophoblast invasion and 
leads to a defective remodeling of spiral arteries in the 
PE women (25, 33). Our results confirm a significant 
increase in the TIMP3 expression in maternal blood of the 
PE group in comparison to the normal matched control 
group, which is in accordance with the previous reports 
(24, 25, 29).

The present study also indicates a significant 
increase in the TIMP4 expression of the plasma 
cffRNA content of the preeclamptic participants in 
comparison with our normal matched control group. 
This finding verifies the result of the only previous 
study that showed elevated plasma protein levels of 
TIMP-4 in the PE pregnancies in comparison with 
the chronic hypertensive cases (26). The relatively 
higher potency of TIMP4 action on the MMP2 
pathway compared with other MMPs gene, suggests 
that TIMP4 similar to TIMP2 effects more specific 
on the MMP2 gene (34). As important role players 
in the ECM, MMPs develop the endothelial cell 
migration and trigger angiogenesis. TIMP4 has an 
anti-angiogenesis activity and prevents formation of 
endothelial cell tube (35, 36). Therefore, the increased 
expression of TIMP4 in PE could be a possible reason 
of the spiral arteries invasion limitation, which in turn 
will reduce the blood supply to the fetus and triggers 
hypertension in the pregnant women (14, 34). 

Co-expression of MMPs and TIMPs in the 
trophoblasts suggests that the invasive and lytic 
properties of cells effects on the ECM depend on the 
MMPs/TIMPs balance (37). Increased expression of 
TIMPs can possibly reduce MMPs function which in 
turn may suppress matrix disintegration necessary 
for efficient implantation. This can also inhibit the 
trophoblast invasion that leads to an incomplete 
modification of spiral arteries. Particularly, an 
impaired remodeling of the spiral arteries have been 
considered as a major contributor to the PE (24, 25). 

For a quite long time, non-invasive PE-specific 
markers have been introduced. For the first time in 
the present study, the TIMPs cffRNA expression of 
maternal plasma was evaluated and we observed a 
significant elevated expression in the PE patients 
in comparison with the normal matched control 
pregnancies. In addition, we detected the presence 
of TIMPs expression in the 14 weeks GA as well as 
28 weeks GA in the healthy second control group 
pregnant women that showed a relative increase 
in the latter one. Our finding shows that TIMPs 
expression is detectable from early pregnancy due 
to the placenta origin of the cell free nucleic acid. 
An increase in gestational age associated with the 
subsequent placental size may be accompanied by 
higher amounts of cell free fetal RNA in the maternal 
plasma. Taking all together, the expression level of 
TIMPs cell free fetal may determine placental health 
and may reflect the severity of the preeclamptic 

disorders. Further studies are needed to give promise 
of biomarkers for early detection/prognosis of 
complicated pregnancies such as preeclampsia. Also, 
a follow-up case control study is needed to be able to 
clearly determine the cause and effect relationship. 
Although, due to the limitations in recruitment of the 
patients/controls, current setup was used. Therefore, 
further studies will be required to validate our 
results and to define the detection thresholds through 
integrated bioinformatics calculations.

Conclusion
Cell free fetal RNA derived from the placenta and 

released to maternal plasma creates a promising approach 
for noninvasive prenatal diagnosis independent of fetal 
gender and genotype. Here, we concluded that the pattern 
of fetal TIMPs expression within maternal plasma can be 
used as a potential PE biomarker in early pregnancy. 
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Abstract
Objective: The multimodality treatment of cancer provides a secure and effective approach to improve the outcome 
of treatments. Cold atmospheric plasma (CAP) has got attention because of selectively target and kills cancer cells. 
Likewise, gold nanoparticles (GNP) have been introduced as a radiosensitizer and drug delivery with high efficacy and 
low toxicity in cancer treatment. Conjugating GNP with indocyanine green (ICG) can develop a multifunctional drug 
to enhance radio and photosensitivity. The purpose of this study is to evaluate the anticancer effects of GNP@ICG in 
radiotherapy (RT) and CAP on DFW melanoma cancer and HFF fibroblast normal cell lines.

Materials and Methods: In this experimental study, the cells were irradiated to RT and CAP, alone and in combination 
with or without GNP@ICG at various time sequences between RT and CAP. Apoptosis Annexin V/PI, MTT, and colony 
formation assays evaluated the therapeutic effect. Finally, the index of synergism was calculated to compare the results. 

Results: Most crucially, the cell viability assay showed that RT was less toxic to tumors and normal cells, but CAP 
showed a significant anti-tumor effect on melanoma cells with selective toxicity. In addition, cold plasma sensitized 
melanoma cells to radiotherapy so increasing treatment efficiency. This effect is enhanced with GNP@ICG. In 
comparison to RT alone, the data showed that combination treatment greatly decreased monolayer cell colonization 
and boosted apoptotic induction.

Conclusion: The results provide new insights into the development of better approaches in radiotherapy of melanoma 
cells assisted plasma and nanomedicine. 
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Introduction
Cancer is a significant burden of disease on a 

global scale. Melanoma, a malignant tumor originating 
from melanocytes, is a rare disease and the most deadly 
type of skin cancers (1). Despite the fact that surgery 
is the main treatment option, radiotherapy (RT) is 
sometimes required for tumor size reduction, adjuvant 
therapy postoperatively, and lymph node or brain 
metastasis. Thus, a great number of studies have been 
conducted in an attempt to increase the sensitivity of 
radiotherapy-resistant cells and reduce side effects (2).

Photodynamic therapy (PDT) is a new therapeutic 
method with Food and Drug Administration (FDA) 
approval used to treat superficial tumors, such as 
skin cancer (3, 4). PDT uses a particular drug called 
photosensitizer along with light to cause oxygen-
dependent destruction of cancer cells. Although they are 
not individually toxic, photochemical reactions produce 
highly reactive products called singlet oxygen (1O2), 

which can rapidly cause cell death via apoptosis and 
necrosis (5). However, PDT as an adjunct therapy offers 
several benefits, there are some limitations about PDT 
such as hypoxia induction due to oxygen consumption 
and vascular damage, not being tumor-specific method 
and etc. (6, 7).

The ionized plasma known as cold atmospheric plasma 
(CAP) may be employed as a new light source for PDT. 
CAP is an ionized gas contains electrons, ions, free 
radicals, reactive oxygen (ROS) and nitrogen species 
(RNS), and UV photons that exists at low temperatures. 
At atmospheric pressure, plasma is created by using a 
high voltage electric field (8). Because CAP is a potent 
generator of ROS, it may help to reduce some problems 
related to PDT and increase therapeutic effectiveness (9). 
In general, plasma is classified into two types: thermal 
plasma and non-thermal or cold plasma. In the past, 
only the thermal properties of plasma had biomedical 
uses in ablation, tissue cutting, and blood coagulation. 
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Recent research into the medical applications of CAP 
has revealed new areas of medical research. Some of 
the medical applications of CAP include wound healing 
(10), sterilization of medical devices , and induction of 
blood clotting during surgery (11). The anti-cancer effects 
of CAP were studied in various types of cancer,  in vitro 
(12) and in vivo (13). The most noticeable feature of CAP 
is the ability to kill cancer cells selectively and protect 
healthy cells  (14). Although the mechanism of contact 
between plasma and cell is not fully known, ROS seems 
to play a critical role in this process (15). More ROS 
diffuses into tumor cells because they have more AQPs 
(an aquatic channel that increases ROS diffusion through 
transmembrane) and more cholesterol in their cellular 
membrane than normal cells, resulting in higher oxidative 
balance disruption (16). Normal cells, on the other hand, 
are better at dealing with this disruption than tumor cells 
(17). The studies proposed various mechanisms of CAP 
effects containing oxidative stress, ROS generation and 
subsequently DNA double strands break (DSB), cell cycle 
arrest, activation of p53 gene, and activation of p21 CKS 
inhibitor, necrosis, cell detachment and apoptosis via 
plasma-generated ROS (18-20).

Cancer treatment with integration of CAP and 
nanoparticles has shown to be lucrative. Gold nanoparticles 
(GNP) exhibit unique qualities among nanoparticles, 
including low toxicity, tumor-specific drug transporters, 
radiosensitizers, and changeable absorption peak from 
ultra-violet to infrared depending on particle shape and 
size (21). The benefits of cancer treatment with CAP and 
GNP are most likely ascribable to their more selectivity, 
rise in nanoparticles uptake, and better treatment efficiency 
(22, 23). Indocyanine green (ICG) is a low toxic amphilic 
dye with Food and Drug Administration (FDA) approval 
used for cancerous photothermal and PDT (24). ICG 
shows high absorbance in the treatment window (650-
850 nm) where maximum light transmission to the tissue 
occurs that is not absorbed by the melanin of the skin or 
melanoma cells. It can be used as a photosensitizer along 
with GNP to evaluate the photodynamic effects evoked 
by CAP.

The impacts of combined radiation therapy (RT) with 
CAP were reported in some research. However, no study 
has been performed to investigate the composition of 
CAP as a pre-treatment of RT in the presence of a photo-
radio sensitizer, with the hypothesis that it can amplify 
the radiation as well as photodynamic effects produced 
by the plasma. Besides, the point that is less considered 
in combination therapies is the sequence of treatments 
and its effect on the final result. It has generally been 
proven that different treatments can stop the cell cycle. 
Therefore, applying a treatment that stops the cells in the 
radiation-sensitive phase, followed by RT, increases the 
effectiveness of the treatment.

Hence, we evaluated new technique for treating 
melanoma cells in vitro. The radiosensitizing effect 
mediated by plasma-induced PDT in the presence of 
GNP@ICG on the DFW human melanoma cell line 

and HFF normal fibroblast cell line is the main aim of 
this study. In this case, GNP@ICG NPs were initially 
synthesized and their photophysical characteristics 
studied. Second, the effectiveness of GNP@ICG in PDT 
caused by CAP treatment on cancer and normal cells, as 
well as its selectivity, were assessed. Third, the radio-
sensitization impact of GNP@ICG was investigated 
at various dosages. Fourth, treatments were carried out 
at 0 and 24 hours intervals to identify the optimal time 
between CAP and RT. Finally, the mechanism of death 
in combination therapy and each treatment alone was 
evaluated by flow cytometry to diagnose apoptosis.

Materials and Methods

Ethics approval for the current experimental study was 
given by the Ethics Committee at Isfahan University of 
Medical Sciences under a project number of IR.MUI.
MED.REC.1399.947. Gold (III) chloride hydrate (99.995 
%) was acquired by Alfa Asear (254169, USA). Fetal 
bovine serum (FBS) was acquired by Gibco (F7524, USA). 
ICG (228869) and dimethyl sulfoxide (DMSO, D8418) 
were acquired by Merck (Germany). Trisodium citrate 
dehydrate (6132-04-3), Roswell Park Memorial Institute 
(RPMI-1640, 51800-035) cell culture medium, Dulbeccos 
Modified Eagles Medium (DMEM, D6429), penicillin-
streptomycin (P4333), trypsin-ethylene diamine tetra 
acetic acid (EDTA, 60-00-4), and 3–(4,5dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT,TOX1) 
were acquired by Sigma-Aldrich Company (St. Louis, 
MO, USA). Apoptosis Detection Kit [Annexin V labeled 
with FITC/Propidium Iodide (PI)] was purchased from 
BD Biosciences (AB_2869082, USA).

Synthesis and physical characterization

GNP and GNP@ICG synthesis
GNP@ICG nanoparticles were synthesized in a two-

step process. First step: GNP were synthesized as stated in 
Anshup et al. (25). All glassware was scrubbed with a 3:1 
solution of HCl and HNO3, after that washed with distilled 
water and drained. A solution containing HAuCl4 (5 ml, 
0.2% w/w) and deionized water (90 ml) was refluxed 
under constant and vigorous stirring. When the solution 
reached boiling point, sodium citrate trihydrate (5 ml, 1% 
w/w) was rapidly infused into the HAuCl4 solution. The 
molar ratio of sodium citrate trihydrate to HAuCl4 was a 
major controlling factor in achieving the desired particle 
size. After changing the color from pale yellow to red, 
the solution was remained for 15 minutes. GNP produced 
were purified by centrifugation and repeated precipitation 
from distilled water. Second step: To conjugate ICG on 
the GNP surface, we added an aqueous solution of ICG 
(10 ml, 80 mg/L) to the GNP preparation solution (10 ml, 
100 mg/L) and at room temperature stirred for 3 hours. 
After the completion time, the particles were centrifuged 
and precipitated twice from distilled water to give purified 
GNP@ICG nanoparticles.

https://www.sigmaaldrich.com/DE/de/search/60-00-4?focus=products&page=1&perpage=30&sort=relevance&term=60-00-4&type=cas_number
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 Characterization of GNP and GNP@ICG
Particle size, size distribution, and polydispersity 

index (PDI) for GNP and GNP@ICG were obtained 
using the Malvern Zetasizer (Zetasizer, Malvern Ins., 
USA). To assess the stability of GNP and GNP@ICG, 
we performed dynamic light scattering (DLS) analysis of 
NPs at different time points. For this purpose, 125 μl of 
GNP and 90 μl of GNP@ICG were added to 875 and 910 
μl of 10% fetal bovine serum (FBS) supplemented culture 
medium, respectively and DLS analysis was performed 
immediately and then 48 hours later. The results were 
compared to each other.

The optical properties of the GNP@ICG were recorded 
in the wavelength range of 300–1000 nm using UV-
visible spectroscopy (UV 1700, Shimadzu Corp, Japan). 
The morphology of the GNP@ICG was determined 
using a scanning electron microscope (FE-SEM LMU 
TESCAN BRNO-Mira3, Czech Republic), operating at 
an acceleration voltage of 26 kV. TEM (Gatan model 791, 
Philips CM 12, Poland) was carried out to evaluate the 
morphology and size distribution of the GNPs. Infrared 
spectra were recorded with an FTIR spectrometer 
(AVATAR 370, Thermo Nicolet AVATAR 370 FTIR, 
USA) to investigate possible chemical interactions 
between ICG and GNP@ICG. X-ray diffraction (XRD) 
analysis (Bruker 9XS; G8ADVANCE, Germany) was 
performed to identify the crystallographic structure of 
GNP. Measurements were performed at voltage 40 kV 
and current 30 mA over the 2θ range of 20° to 80°.

Cell studies 
Cell culture

DFW (human melanoma cell line, C496) and HFF 
(normal human foreskin fibroblast cell line, C163) 
were purchased from Pasteur Institute in Iran. DFW 
was cultured in RPMI-1640, and HFF was cultured in 
DMEM. All media were supplemented with 10% FBS 
and 0.5% penicillin-streptomycin. The cells were kept in 
a humidified incubator with a temperature of 37˚C and 
5% CO2. They were separated for passage using 0.25% 
trypsin-EDTA.

Cytotoxicity

To assess the toxicity of GNP@ICG on DFW and 
HFF cell lines, they were seeded in 96-well plates at 
densities of 10,000 and 7,000 cells/well, respectively, 
and incubated at 37˚C and 5% CO2 for one day. The 
cells were probed for 24 hours at various concentrations 
(0-80 mg/L) of GNP@ICG added to the medium. 
Subsequently, to remove extra nanoparticles, the cells 
were rinsed with phosphate buffered saline (PBS) 
three times. Finally, the cell viability was analyzed by 
MTT assay after 24 hours.

Experimental treatments 
The plasma device used in this study is a plasma 

jet (Satia knowledge based company; Semnan, Iran) 
consisting of two electrodes, A carbon center electrode 
connected to a high voltage power supply and a copper 
ground electrode attached to the ground. In this study, 
a high voltage power with a frequency of 13 kHz and a 
peak-to-peak voltage of 5 kV was given to the electrodes. 
Pure helium gas (99.999%) was also used to generate the 
plasma at a flow rate of 4-5 L/minutes.  The length range 
of the plasma flame was set to 35-45 mm and the distance 
between the nozzle tip and the bottom plate was set to 25 
mm. The gas temperature of the plasma jet was measured 
at 350 K. The biomedical application of CAP is primarily 
based on its ability to produce and form effective amounts 
of reactive species. Emission spectroscopy (OES) was 
used to confirm the presence of these species and their 
derivatives.

The cells were radiated with 8 MeV electron 
irradiation (linear accelerator Elekta Precise model, 
Germany) at a dose rate of 2 Gy/minutes with distance 
of 100 cm from the X-ray tube and gantry at 180 
degrees position. Field dimensions were adjusted 
by using a 20*20 cm applicator and Perspex plates 
were used to set the build-up before the cells (15 mm 
thickness under the plate) as well as to remove the 
scatters from the plate (20 mm thickness on the plate). 
RT was performed at 1, 2, and 4 Gy.

Treatment groups consist of the following without and 
with 20 mg/L GNP@ICG (based on the cytotoxicity of 
GNP@ICG) for both cell lines: the control group (C), the 
plasma treatment groups (CAP and GNP@ICG+CAP), 
the radiotherapy groups (RT and GNP@ICG+RT), and 
the combined radiotherapy and plasma therapy groups 
(GNP@ICG+CAP+RT at various intervals 0 and 24 
hours). 

For all treatment groups, DFW and HFF cells were first 
seeded on 96 well plates and incubated overnight. Next, 
GNP@ICG (20 mg/L GNP@ICG containing 16 mg/L 
ICG and 20 mg/L GNP) was added to the cells. At the end 
of the incubation period, the cell plates were rinsed twice 
with PBS and replaced with a fresh medium. Afterward, in 
plasma treatment groups, the cell plates were treated with 
CAP at room temperature for different times (0, 15, 30, 
60, and 90 seconds). In radiation therapy, cells irradiated 
with 8 MeV electron at various doses of 1, 2, and 4 Gy. 
To assess the efficacy of combined RT with CAP, the cells 
were first treated with CAP for 30 and 60 seconds, then 
irradiated with 2 Gy dose of radiation immediately and 
after 24 hours.

Evaluation of treatments
MTT assay

The MTT assay was used to identify the cytotoxicity 
of GNP@ICG and the effects of plasma and radiation 
therapy to find optimal concentrations of GNP@ICG 
and appropriate doses of RT and CAP, respectively. In 
this regard, the cells were assessed 24 hours after the 
end of treatments. Briefly, 100 μl of FBS-free medium 
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and 10 μl of MTT reagent (5 mg/mL in PBS) were added 
to all wells and incubated for 4 hours in the darkness. 
This test is based on the measurement of cell viability in 
terms of reducing activity as an enzymatic conversion of 
the tetrazolium to water-insoluble formazan crystals by 
dehydrogenase activity generated in the mitochondria of 
living cells. After that, the medium was removed and then 
for dissolving the formazan crystals, 200 μl of DMSO 
replaced. At the end, plates were shaken in the dark for 
10 minutes. An ELIZA reader was used to measure the 
absorbance of the formazan solution at a wavelength of 
570 nm as opposed to the reference wavelength of 630 
nm. Finally, the relative cell viability rate was calculated 
by the absorbance ratio of the treatment group to the 
control group. All examinations were repeated more than 
three times.

 Flow cytometry 

To measure apoptosis and necrosis of cells treated with 
RT and CAP using the Annexin V-FITC/ PI flow cytometry 
kit, firstly, the cells were treated, incubated for 24 hours, 
rinsed with PBS, separated with trypsin, centrifuged at 1500 
rpm for 5 minutes, then combined with the binding buffer.  
FITC-labeled Annexin V (2 μl) and PI (2 μl) were added 
to and pooled in 500 μl cell suspension. After 15 minutes 
of incubation in the dark, apoptosis/necrosis analysis was 
performed by flow cytometry (BD FACSCalibur, USA), and 
the data were analyzed by FlowJo software (version 7.6.1). 

Colony formation assay
The colony formation assay (CFA) was accomplished to 

assess the ability of cells to develop as colonies after treatment. 
The cells were seeded in 6-well plates at a density of 600, 
800, 1000, and 1200 cells/well for the control group, and a 
radiation dose of 1, 2, and 4 Gy. Following cell adhesion, 
they were treated in various groups according to the method 
described above. The groups contained control, GNP@
ICG+RT, and GNP@ICG+CAP (60 seconds)+RT at 0 and 24 
hours intervals. Then, colonies were allowed to form after 10 
days of incubation. Finally, colonies were rinsed, fixed and 
stained with PBS, methanol, and Giemsa, respectively. It was 
calculated only colonies including more than 50 cells. The 
surviving fraction (SF) of each group was normalized to the 
plating efficiency (PE) associated to the control group. The SF 
was calculated by the below formula (26):

Plate efficiency (PE) = (number of colonies in the control group)/
(number of cultured cells)

Cell survival fraction = (number of colonies in the experimental 
group) / (number of cells in the experimental group × PE)

Synergistic index
We have defined a synergistic index (Syn) to determine 

if synergistic or additive effects have occurred in cell 
death (CD) caused by combined therapy including GNP@
ICG+CAP+RT compared to CD of either treatment alone 
without interval (Syn.1) and 24 hours intervals (Syn.2) on 

melanoma and fibroblast cells.

Syn (1) = (CD (CAP + GNP@ICG + RT (2Gy))  0 h) / (CD(CAP) 
+ CD (GNP@ICG) + RT(2Gy) )

Syn (2) = (CD (CAP + GNP@ICG +RT (2Gy))  24 h) / (CD(CAP)+ 
CD (GNP@ICG) + RT(2Gy) )

Statistical analysis

The results were completed by repeating the tests three 
times and stated as mean values ± standard deviation 
(SD). The Kolmogorov-Smirnov nonparametric test was 
used to assess the normality of the data. We ran a one-
way ANOVA followed by Tukey’s tests to compare the 
mean differences. P-values below 0.05 were regarded as 
statistically significant.

Results
Characterization of synthetic nanoparticles

The size distribution of GNP and GNP@ICG were 
measured by DLS analysis. The hydrodynamic diameter of 
GNP and GNP@ICG is 24.3 and 31.5 nm, respectively. The 
Zeta potential of GNP and GNP@ICG were -1.5 and -7.8 
mV, which was engaged to validate the excellent reaction. 
According to the results, the zeta potential of GNP@ICG 
is higher negative than GNPs. This finding is that the SO3

- 
group in the ICG induces a negative charge on the surface 
of NPs. By comparing the hydrodynamic size of the NPs 
based on the DLS results, it was observed that the size of the 
nanoparticles did not change after 48 hours, indicating good 
stability of the nanoparticles (Fig.S1, See Supplementary 
Online Information at www.celljournal.org).

Figure 1A shows the UV-Vis spectra of GNP, ICG, 
and GNP@ICG. UV-Vis spectrometry was employed to 
characterize the synthesized conjugated NPs. It is clear that 
the spectrum of the GNP shows the dispersion of GNP. The 
absorption spectrum of ICG shows strong absorption in 700-
780 nm depending on the ICG concentration. GNP shows 
characteristic surface absorption at 520 nm, confirming that 
the GNP are spherical. In addition, GNP@ICG shows peaks 
at 520, 709, and 778 nm, indicating the presence of GNP and 
ICG in the conjugated nanoparticles. For surface analysis of 
the synthesized nanoparticles and compared with free ICG, 
the FT-IR spectra were obtained from dried GNP@ICG 
and ICG (Fig.1B). According to FT-IR spectra of ICG, the 
absorption bands around 3430 cm-1, 1400 cm-1, 1090 cm-1, 
and 891 cm-1 can be assigned to O-H stretching vibration, 
SO3H and C=C bond, sulfoxide, and C-H ring bending 
vibration, respectively, exhibiting the characteristic peaks 
of ICG. According to GNP@ICG, the characteristic peak at 
1410 and 1590 cm-1 correspond to the symmetric and anti-
symmetric stretching of COO_ related to citrate ion. These 
data confirm the interaction between citrate ions and GNP. 
In addition, the existence of absorption peaks of ICG (3430, 
1400, 1090, and 891 cm-1) in the IR spectrum of GNP@ICG 
can confirm that ICG was successfully conjugated on the 
GNP surface. 

http://www.celljournal.org
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SEM images of GNP and GNP@ICG and their size 
distribution histogram obtained by ImageJ software 
are shown in Figure 1C-F. It can be observed that 
the nanoparticles are spherical shape with average 
diameters of 19.49 and 24 nm, respectively. Also, as 
shown in Figure 1G. The spherical structure of GNP 
can be observed clearly in the TEM image. The shape 
and mean diameter of GNP evaluated by TEM imaging 

(around 20 nm) were correlated to FE-SEM and DLS 
measurements. The XRD pattern of GNP is shown in 
Figure 1H. Crystalline nanoparticles structure specified 
through four peaks corresponding to standard Bragg 
reflections (111), (200), (220), and (311) of face centers 
cubic lattice. The intense peak at 38, 44.3, 64.5, and 77.7 
nm determines preferential growth in the (111, 200, 220, 
and 311) direction.

Fig.1: The specifications of synthesized nanoparticles. A. The UV-visible spectrum of GNP (20 mg/L), ICG (16 mg/L) and GNP@ICG (20 mg/L based on 
the concentration of GNP), B. The FT-IR spectra of GNP@ICG (20 mg/L based on the concentration of GNP) and free ICG (16 mg/L), C. Field Emission 
Scanning Electron Microscopy (FE-SEM) images of GNP (scale bar: 200 nm), D. FE-SEM images of GNP@ICG (scale bar: 200 nm), E. Hydrodynamic 
size distribution of GNP, F. Hydrodynamic size distribution of GNP@ICG, G. TEM image of the gold nanoparticle (scale bar: 20 nm), and H. XRD 
analysis of gold nanoparticles. GNP; Gold Nanoparticles, ICG; Indocyanine green, FT-IR; Fourier transform infrared spectroscopy, TEM; Transmission 
electron microscopy, and XRD; X-Ray diffraction analysis.
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Spectroscopy analysis
The emission spectrum of CAP was obtained by spectroscopic 

analysis (Fig.2A). Figure 2B displays a schematic illustration 
of the CAP device used in this experiment.  As shown in 
Figures 1A and 3, the absorption spectrum of the ICG is 
superimposed on the emission spectrum of the CAP. The most 
prominent emission peaks for CAP include 320, 330, 350, 
391, 400, 460, and 707 nm. As one can see, the absorption 
peak of ICG at wavelengths 710 to 780 corresponds to the 
emission spectrum of the He-CAP. 

Fig.2: The characterization of CAP. A. The emission spectrum of CAP-He 
and B. Schematic illustration of the plasma jet. CAP-He; Cold Atmospheric 
helium plasma and AC; Alternating current.

MTT assay
To select an optimal concentration of GNP@ICG NPs and 

evaluate CAP treatment and radiation therapy, the MTT assay 
was carried out to measure the metabolic viability of DFW 
(cancer cells) and HFF (normal cells) in different treatment 
groups. After incubating cells with varied concentrations 
of GNP@ICG (0-80 mg/L) for 24 hours, it was shown that 
concentrations of GNP@ICG less than 20 mg/L had only 
a slight effect on both cells. It was concluded that 80 mg/L 
was the most toxic and killed nearly 51% and 72% of the 
melanoma and fibroblast populations, respectively (Fig.3A). 
The low toxic concentration of GNP@ICG (20 mg/L of 
GNP@ICG containing 16 mg/L ICG and 20 mg/L GNP) 
was used to evaluate the inhibition of cells proliferation in 
RT, CAP, and combined therapy groups. Treatments were 
performed as described in Material and Methods.

The RT results (Fig.3B) shows the radiation resistance 
of melanoma cells. Moreover, in both cells a significant 

difference was observed between RT and GNP@ICG+RT 
groups (P<0.05), which indicates the role of GNP@ICG as 
a radio-sensitizer.

Figure 3C shows the cell viability of DFW melanoma cells 
at different times of plasma irradiation as well as incubation 
with GNP@ICG. However, cell survival at 15 seconds 
treatment with CAP had no effect on cells, with increasing 
plasma irradiation time, cell survival percentage decreased 
significantly, so that in the 90-second group in the presence of 
GNP@ICG, the survival percentage reached 14% (P<0.01). 
Also, cell survival in plasma therapy with GNP@ICG was 
significantly reduced compared to the drug-free group, 
which can confirm the GNP@ICG optical sensitivity in PDT 
with CAP. In order to determine whether plasma therapy is 
selective for cancer cell lines, HFF cells were treated under 
similar conditions. The results showed that increasing the 
plasma time had no effect on the survival of HFF cells. The 
results were the same even in the treatment group that 
received GNP@ICG.

Based on these findings, doses of 30 and 60 seconds for 
CAP therapy and 2 Gy for RT were selected for irradiation 
in subsequent experiments. Synergistic enhancement was 
observed in DFW cells treated with combination therapy 
in a dose-dependent manner compared to either the control 
group or each modality alone. This means that pre-treated 
with CAP before RT promoted radiation effects on tumor cell 
death and amplified influence at higher doses. In contrast, no 
significant difference was measured between these groups 
for the HFF cell line (P>0.05). It is worth noting that plasma 
plays a crucial part in combining radiation therapy with CAP 
for a selective and effective therapy.

To evaluate the effect of interval in combined therapy, cells 
were exposed to RT immediately and 24 hours following CAP 
therapy. It was found that administration of RT 24 hours after 
CAP therapy can induce more cell death in DFW cells than 
the employment of these modalities immediately, whereas 
this discrepancy was not observed in HFF cells (Fig.3D).

Flow cytometry 
Flow cytometric assays were used to evalute the induction 

of apoptosis and necrosis in various treatments of melanoma 
and fibroblast cell lines. The degree of apoptosis induction 
was quantified by Annexin V-FITC/PI staining. The flow 
cytometry experiment indicated a distribution pattern of 
cells treated with GNP@ICG, CAP, and RT alone and in 
combination treatment (GNP@ICG+CAP+RT) in sequences 
of 0 and 24 hours in Figure 4. As seen in Figure 4A, in 
melanoma cells, the percentage of apoptosis in combination 
RT with GNP@ICG was not significantly different from RT 
alone. While this difference made a significant difference 
in the treatment of CAP with GNP@ICG. In addition, the 
apoptosis rate was measured the highest amount in the 
combinatorial treatment group (GNP@ICG+RT+CAP), 
and it was established that the intervals between treatments 
did not induce apoptosis (P<0.05). We also evaluated the 
therapeutic effect on fibroblast (HFF) cell lines (Fig.4C). 
HFF cells were treated similarly to melanoma treatment. It 
was shown that RT, CAP, or combined CAP with RT did not 
induce significant apoptosis in fibroblast cells (P>0.05).
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Fig.3:  MTT assay results on melanoma (DFW) and fibroblast (HFF) cell lines at 24 hours. A. The survival rate of DFW and HFF cells incubated with different 
concentrations of GNP@ICG in 24 hours. The concentration of 10 μM which caused 10% cell death was selected for following treatments. B. The survival percentage 
of cells treated with radiotherapy. C. The survival percentage of cells treated with CAP. D. The viability of the cells treated to 2 Gy RT following NPs and CAP (30 and 
60 seconds) immediately and 24 hours later. Data are shown as the mean ± SD (n=3). A comparison of the difference between each group and the control group was 
presented as *; P<0.05, **; P<0.01, and ***; P<0.001. CAP; Cold atmospheric plasma, NPs; GNP@ICG, RT; Radiotherapy, 30s+2Gy/0h; Combined therapy 30-seconds 
CAP and 2 Gy radiation immediately, 30s+2Gy/24h; Ccombined therapy 30-seconds CAP and 2 Gy radiation with 24 hours interval, 60 s+2Gy/0h; Combined therapy 
60-seconds CAP and 2 Gy radiation immediately, and 60s+2Gy/24h; Combined therapy 60-seconds CAP and 2 Gy radiation with 24 hours interval.

Fig.4:  Flow cytometry results of DFW and HFF cell lines. A. The Annexin-V-FITC assay for detecting the apoptosis and necrosis of DFW cells, B. The diagram 
of the percentage of apoptotic and necrotic of DFW cells after treatment with different groups, C. The Annexin-V-FITC assay for detecting the apoptosis and 
necrosis of HFF cells, and D. The diagram of percentage of apoptotic and necrotic of HFF cells in different groups. DFW; Melanoma cell line, HFF; Health 
foreskin fibroblast, CAP; Cold atmospheric plasma, NPs; GNP@ICG, RT; Radiotherapy, 30s+2Gy/0h; Combined therapy 30-seconds CAP and 2 Gy radiation 
immediately, 30s+2Gy/24h; Ccombined therapy 30-seconds CAP and 2 Gy radiation with 24 hours interval, 60 s+2Gy/0h; Combined therapy 60-seconds 
CAP and 2 Gy radiation immediately, and 60s+2Gy/24h; Combined therapy 60-seconds CAP and 2 Gy radiation with 24 hours interval.
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Colony formation assay 
CFA was used to measure the ability of cells to maintain 

reproductive integrity over a long time after various 
treatments. CFA is the gold standard to identify reproductive 
cell death after ionizing radiation therapy. Figure 5 shows 
the effects of GNP@ICG and CAP (60 seconds) in different 
intervals and radiation doses on DFW melanoma cell lines 
in monolayer cultures. As can be concluded from the results, 
GNP@ICG alone had no significant effect on cell colonization 
compared to the control group (P>0.05). In the associated 
combined therapy, the reduction in SF was considerably 
more significant than in the control group receiving RT 
alone (P<0.05), which confirmed that CAP and GNP@ICG 
reduced radiation-induced clonogenic melanoma cell death 
in a dose‑dependent manner. As can be seen in Figure 5A, 
in the combined treatment, the number of colonies and their 
size has decreased with increasing radiation dose, which 
indicates a decrease in the ability of cells to form colonies. 
The considerable difference between the combined treatment 
and control groups demonstrated that CAP plays a function in 
cancer cell synergy and radio-sensitivity. Furthermore, while 
combination treatment had the lowest cell viability, the gap 
between them did not produce significant effects, confirming 
the findings of the apoptosis experiment.

Synergistic index
The values of synergism index for combine therapy 

GNP@ICG+CAP+RT at 0 and 24 h intervals on melanoma 
and fibroblast cells were calculated in accordance with 
Formula. The synergistic indices were calculated more 
than 1 on melanoma cells (2.18 ± 0.02 and 1.65 ± 0.02 
for 30 and 60 seconds, respectively treatment with CAP 
and 2 Gy radiotherapy immediately, and also 2.48 ± 
0.03 and 1.82 ± 0.02 for 2 Gy radiotherapy following 30 
and 60 seconds, respectively plasma treatment after 24 
hours) which shows proposed treatment approaches had 
the synergistic effects. However, the synergistic index 
was calculated lower than 1 in all treatment groups on 
fibroblast cells.

Fig.5: The treatment results via colony assay for DFW cells. A. The 
representative colony formation images of DFW cells in different 
treatments. B. Clonogenic cell survival curves. The surviving fraction in 
the colony-forming assay was calculated and normalized to that of the 
unirradiated control cells. Data were obtained from three independent 
experiments (mean ± SD, n=3). NPs; Gold nanoparticle conjugated with 
Indocyanine green, Combine therapy/0 hour; Treatment with 2 Gy 
radiotherapy immediately after 60 seconds cold plasma therapy, and 
Combine therapy/24 hours: treatment with 2 Gy radiotherapy 24 hours 
after 60 seconds cold plasma therapy.

Discussion
Melanoma accounts for just around 1% of all skin 

malignancies, yet it is responsible for the majority of 
mortality (1). Melanoma is difficult to treat because to 
its aggressive nature, resistance to established cancer 
therapies such as radiation therapy and chemotherapy, 
and poor response (2). Therefore, a new antitumor 
strategy is needed in this area. We have proposed an 
effective strategy for the DFW cell line derived from 
skin cancer to improve its radiation sensitivity and 
treatment efficiency.

CAP is a pioneering approach in cancer therapy. 
CAP contains different elements such as electrons, free 
radicals, charged particles, UV photons, and various 
excited molecules. The existence of different ingredients 
in plasma composition resulted in unique properties. For 
example, CAP is a potent generator of reactive oxygen 
species (ROS), which may be exploited to sensitize 
hypoxic malignancies to therapies (27). During plasma 
treatment, plasma introduces ROS into cells, disrupting 
oxidative equilibrium. By activating intracellular 
signaling pathways, excessive oxidative stress might 
lead to cell death (28). Moreover, CAP has several peaks 
in the emission spectra, so it is possible to use types 
of photosensitizers in CAP therapy. In addition, the 
difference between the cell membrane electric field and 
the CAP-induced transient electric field opens channels 
and increases the number of nanoparticles absorbed, 
resulting in improving processing efficiency (16). 

Nanoparticles are being used in cancer treatment to take 
a more tailored approach. We created a novel conjugation 
that may be employed as a photo-radio-sensitizer to 
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improve treatment efficiency in this investigation. GNP 
have risen to the top of the list of metal nanoparticles used 
in bioanalytical studies. In this respect, gold nanospheres 
were successfully synthesized and conjugated with 
ICG as a photosensitizer. The results of photophysical 
properties analysis further confirmed that ICG could be 
conjugated by GNP. The existence of the characteristic 
absorption peak of ICG in the IR spectrum of GNP@ICG 
can confirm that ICG was successfully conjugated on the 
GNP surface. The size of GNP@ICG measured by DLS, 
TEM, and SEM was approximately 20 nm. Size 10-100 
nm for GNP@ICG has been approved that is a suitable 
size to easily enter cells and increase uptake. The zeta 
potential calculated a good negative charge and confirmed 
the stability of GNP@ICG.

Due to the fact that RT for melanoma patients is 
performed with electrons as well as the advantages of 
electrons over photons (29) in this superficial tumor, 
we used electrons instead of photons in this study. MTT 
assay measured a considerable decrease in viability in 
treatment with radiation and GNP@ICG (20 mg/L). Since 
several studies have reported the radiosensitizing effect 
of GNP (30, 31) and Sazgarnia et al. (32) showed a low 
radiosensitizing effect of ICG, it is understood that the 
decrease in the cell viability measured is in terms of GNP 
in treatment.

In CAP therapy, according to the cell survival results 
after different treatment time, it can be found that plasma 
causes a notable inhibitory effect on DFW cells. The 
enhanced treatment efficacy by CAP was significantly 
improved in the presence of GNP@ICG, possibly in terms 
of the more absorption of GNP@ICG into cells following 
treatment with plasma. Our findings are in agreement 
with Zhu’ research (4) observed that the combination of 
fluorouracil-loaded PLGA nanoparticles and CAP has 
enhanced efficacy for solid tumors treatment that inhibits 
synergistically cancer cell growth when compared 
individually. They also found that CAP promotes 
nanoparticle absorption while also lowering MMP2, 
MMP9, MTDH, and VEGF gene expression, all of which 
are linked to metastasis. Another explanation for plasma 
therapy’s great effectiveness might be the photodynamic 
impact caused by ICG. Several studies have used different 
photosensitizers in CAP and evaluated the photodynamic 
effects of CAP on a variety of tumors.  Karami used 
5-ALA as a photosensitizer and observed the synergistic 
effect of CAP (33) and Wang et al. (34) treated melanoma 
cells with protoporphyrin IX and CAP. In a similar study, 
Vejdani Noghreiyan et al. (35) evaluated the PDT effects 
of CAP on ICG and PpIX at various concentrations (5-50 
μM). The cells (HT-29 and MCF-7) were treated with CAP 
in 1 and 2 minutes irradiation. Results showed increased 
effectiveness of plasma treatment in the presence of ICG 
and PPIX. Furthermore, this effect was found to be cell 
line dependent.

The superiority of CAP over other treatment modalities 
is the ability of plasma to kill cancer cells selectively, 

while its effect on healthy cells is negligible. To evaluate 
the selectivity effect in CAP therapy, HFF cells were 
treated in conditions similar to DFW cells. Comparing 
the viability of the two cell lines showed that DFW 
cells were substantially more susceptible to plasma than 
HFF cells. Various studies have shown the selectivity 
of CAP treatment (14, 36). Lin et al. (37) evaluated the 
plasma inhibitory effects in different tumor cells (A549 
and HeLa) and normal cells (HepG2 and GM0637) in 
vitro and in vivo. They observed that plasma exerted a 
more proliferation inhibitory effect on tumor cells than 
normal cells. Biscop et al. (38) proposed a hypothesis 
that the reason for CAP selectivity could be influenced 
not only by the tumor or normal condition, but also by 
the culture medium and cell type. In this regard, they 
examined different cancer cells (A549, Mame-3M, A375, 
and, and U87) with their non-cancer counterparts (HEMa, 
HA, and BEAS-2B) and other culture mediums (DCBM, 
RPMI1640, DMEM, BEGM, and AM).  They found that 
plasma has caused a selectivity effect between tumor 
and normal cells, and cell culture and cell type have less 
impact on the results.

Various features of a standardized treatment approach 
should be reviewed and chosen based on the general 
characteristics of CAP attributes for the clinical application 
of combined CAP and RT. Although some research have 
looked at the efficacy of plasma in conjunction with other 
treatment such as hyperthermia (39), chemotherapy (40), 
and PDT, no studies have looked at the combination 
of radiation therapy with CAP plus multifunctional 
nanoparticles. Currently, photocytotoxic damage is 
known to be caused by singlet oxygen acting on the cell 
membrane, but nuclear DNA is the main target for cell 
killing by ionizing radiation. Since PDT and RT cause 
damage to different targets synergy between them to kill 
the cells may improve tumor control. Considering these 
findings, it seems particularly interesting to assess the 
antitumor effects of innovative combination treatments. 
Reducing the dose of ionizing radiation while maintaining 
the desired tumor suppressor effect is important because it 
minimizes the potential damage caused by RT to normal 
problems. We found that the combination therapy (GNP@
ICG+CAP+RT) induces an important cytotoxic effects on 
the melanoma cell lines. Since such effects could not be 
induced by high-dose radiation or using GNP@ICG, it 
was proved that CAP caused a synergistic improvement 
in combination therapy. It is accordance with Lin study 
(37). Similar to our study, they used CAP (based on Ar/
O2 gas) 24 hours after RT to increase radiosensitivity in 
the treatment of various types of cancer, and compared 
the results to the treatment results of healthy cells. It was 
founded CAP inhibits the growth of tumors and induces 
apoptosis. Moreover, the effect of CAP on cancer cells 
is more effective than on normal cells. ROS generation 
is the reason why combination therapy has a synergistic 
effect.

Apoptosis, or programmed cell death, determines 
a genetically encoded cell death program that is 
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biochemically and morphologically completely different 
from accidental or necrotic cell death. The flow cytometric 
assay was broadly used to assess apoptosis in a variety 
of experimental methods. It is based on the principle that 
apoptotic cells are characterized by DNA fragmentation 
and the absence of nuclear DNA content, among other 
normal properties. Using fluorescent dyes such as FITC 
and PI that can bind and label DNA, a flow cytometry 
analysis can quickly and accurately measure the DNA 
content of cells. The induction of apoptosis by DNA 
damage or lipid peroxidation of the cell membrane is the 
most significant mechanism of the cell-plasma interaction, 
thus a flow cytometry assay to determine the amount of 
impact is a good test. Besides, apoptosis was identified 
as an attractive cell death pathway in response to cancer 
treatment modalities compared to necrotic cell death in 
terms of the damage to adjacent healthy cells.

Flow cytometric results show that under RT and CAP 
irradiation, the majority of cell death in melanoma and 
fibroblast cells is caused by apoptosis, and significant 
levels of apoptosis occur, especially in the combination 
treatment group (GNP@ICG+CAP+RT). It showed that it 
did about 75% in the DFW cells with combined therapy. 
However, the number of necrotic cells was measured 
insignificant. The flow cytometric results confirmed the 
MTT results. Our results are in agreement with previous 
results, as CAP promoted unparalleled levels of apoptosis 
induction in cancer cells (40).

The minimum survival in cancer cells was attained when 
radiation therapy was given 24 hours after CAP therapy 
in the presence of GNP@ICG. Cell cycle arrest was 
proposed as a potentially effective technique for inhibiting 
cancer cell growth. As a result, cell cycle modulation is a 
mechanism that may improve RT sensitivity during CAP 
therapy. There hasn’t been any research on the appropriate 
sequence and interval between CAP and RT for maximum 
therapeutic effectiveness. It might go better in as little as 
24 hours or as long as a week. 

The colony assay is the gold standard test for measuring 
cellular death induced by ionizing radiation. It was 
performed to evaluate the long-term effects of RT and 
combined therapy on the DFW cell line. The results of 
the colony test showed a very low curve slope for the 
control group, which confirms the radiation resistance of 
melanoma cells. It was found that GNP@ICG had no effect 
on colony formation, according GNP@ICG+CAP+RT), 
especially for the 24 hours interval, increased slope 
indicates a decrease in the number of colonies, thusly 
the effectiveness of combination therapy on radiation-
resistant melanoma cells. Better results require more 
complementary in vitro and in vivo studies on various 
cancer and normal cell lines, and it needs to evaluate other 
physical parameters such as the voltage, gas and other 
CAP techniques.

Conclusion
Using non-ionizing cold plasma treatment along with 

RT reduces the side effects of ionizing radiation, such as 
secondary cancer risks and damage to sensitive tissues 
adjacent to the tumor, and improves treatment outcomes. 
The present study involved the combination of plasma 
treatment and RT in the presence of GNP@ICG, as 
a photo-radio sensitizer, on DFW and HFF cell lines. 
It was found that plasma alone or in combination with 
radiotherapy is able to reduce the survival of melanoma 
cells without significantly damaging healthy ones. Though 
plasma is a nascent technique and requires further in vivo 
and preclinical studies, multiple studies, including this 
one, confirm that it serves as an adjunctive therapy. The 
incidence of PDT with CAP was also reaffirmed. To our 
knowledge, it is also the first time we have seen proof that 
GNP@ICG has been proven effective in collaboration 
with plasma and radiation therapy. Furthermore, a 24 
hours interval between the plasma and radiation remedies 
improves treatment results.
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Abstract
Objective: Despite of antiviral drugs and successful treatment, an effective vaccine against hepatitis C virus (HCV) 
infection is still required. Recently, bioinformatic methods same as prediction algorithms, have greatly contributed to 
the use of peptides in the design of immunogenic vaccines. Therefore, finding more conserved sites on the surface 
glycoproteins (E1 and E2) of HCV, as major targets to design an effective vaccine  against genetically different viruses 
in each genotype was the goal of the study. 

Materials and Methods: In this experimental study, 100 entire sequences of E1 and E2 were retrieved from the NCBI 
website and analyzed in terms of mutations and critical sites by Bioedit 7.7.9, MEGA X software. Furthermore, HCV-1a 
samples were obtained from some infected people in Iran, and reverse transcriptase-polymerase chain reaction (RT-
PCR) assay was optimized to amplify their E1 and E2 genes.  Moreover, all three-dimensional structures of E1 and 
E2 downloaded from the PDB database were analyzed by YASARA. In the next step, three interest areas of humoral 
immunity in the E2 glycoprotein were evaluated. OSPREY3.0 protein design software was performed to increase the 
affinity to neutralizing antibodies in these areas. 

Results: We found the effective in silico binding affinity of residues in three broadly neutralizing epitopes of E2 
glycoprotein. First, positions that have substitution capacity were detected in these epitopes. Furthermore, residues 
that have high stability for substitution in these situations were indicated. Then, the mutants with the strongest affinity 
to neutralize antibodies were predicted. I414M, T416S, I422V, I414M-T416S, and Q412N-I414M-T416S substitutions 
theoretically were exhibited as mutants with the best affinity binding.

Conclusion: Using an innovative filtration strategy, the residues of E2 epitopes which have the best in silico binding 
affinity to neutralizing antibodies were exhibited and a distinct peptide library platform was designed.  
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Introduction 
Hepatitis C virus (HCV), a member of the genus 

Hepacivirus, of the Orthornavirae kingdom, is a 
positive-stranded RNA genome. The core embedded 
viral RNA is surrounded by a host-derived lipid 
envelope incorporated with two surface glycoproteins 
E1 and E2 (1).

These glycoproteins include a cluster of overlapping 
epitopes which involve in a viral attachment and a cell 
fusion as well as hypervariable regions (HVRs), stem 
regions, glycosylation sites, transmembrane domains 
(TMDs); disulfide bonds, heptad repeat and neutralizing 
antibodies response regions (2).

Among these areas, antibody binding sites are 
extremely immunogenic and contain a various range of 
interactions. For example, the virus can quickly escape 

with high variations in immunodominant epitopes of 
HVRs (3). The second group of immunogenic sites 
is defined as an antigenic domain B that includes 
conformational epitopes, which identify the majority 
of broadly neutralizing antibodies (bNAb) in various 
HCV genotypes (4, 5).

The bNAb epitopes can be targeted by a wide range 
of neutralizing antibodies which cause the infection 
inhibition. However, it is relatively difficult access to 
them on surface glycoproteins via the virion arrangement. 
So, it is possible that the virus escapes from the humoral 
immune system (6). A third group, an antigenic domain 
A, contains epitopes that lead to the non-neutralizing 
antibodies production (7, 8).  

In the term of residue position, E1 residues, including 
192-202 and 313-328, are interacted with weakly 
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neutralizing Ab H-111 and the bNAbs IGH505 as 
well as IGH526, respectively (9, 10). Furthermore, 
neutralizing Ab regions which are located on the E2 
receptor include three areas. First, residues 412-423 are 
formed the Epitope I (EPI). This site encompasses the 
antigenic domain E related to a highly conserved linear 
epitope which participates in the bNAb response (11, 
12). The second area is the Epitope II (EPII)/Domain 
B and D placed in the 434−446 residues that interact 
with some neutralizing monoclonal Abs (MAbs) (11, 
13). The third area is  the Epitope III (EPIII) in a 
part of Domain C (residues 538-540) that has limited 
neutralizing abilities and a part of Domain B (residues 
523-535) which has bound by broadly neutralizing 
abilities (9, 13).

In general, in-silico techniques widely are used 
in the study of peptides and proteins (14-16). 
Moreover, the study of residue mutations, especially 
in protein critical sites has been very helpful in 
better understanding the function of proteins (17-
19). One of the widely employed approaches in 
the epitope studies is to synthesize combinatorial 
libraries (20, 21). Totally, the peptide libraries are 
a powerful tool for protein-associated researches 
such as vaccines, drugs, and diagnostics studies 
(22, 23). 

Different strategies can be used to produce peptide 
libraries. One of the most suitable methods is the 
"positional scanning library" that detects antibody 
epitopes. These types of libraries are particularly 
useful for peptide sequence optimization. In this 
strategy, the amino acid residue at a defined position 
is replaced by all other amino acids, one at a time. 
Then, activity measurement allows determining 
which amino-acid residue increases the peptide 
activity. In the Combinatorial Positional Peptide 
Libraries, two or more positions are changed at one 
time. 

To aim of multi-epitope vaccines, novel antiviral 
drugs or new generation of detection kits design, this 
study focuses on the evaluating critical sites of HCV 
surface glycoproteins to design a distinct positional 
peptide library. This peptide library involves in the 
humoral immune responses.

Materials and Methods
This study protocol was confirmed by the Ethics 

Committee of Tarbiat Modares University (IR.
MODARES.REC.1400.083).

Sample collection 
In this experimental study, HCV-1a serum samples were 

obtained from fourteen Iranian patients who referred to the 
Keyvan Virology Medical Diagnostic Laboratory, Tehran, 
Iran. All of the patients had HCV-positive serological test 
results and no prior history of HCV treatment. 

We obtained a serum sample of both sexes in the age 
range from 20 to 70 years. 

Reverse transcriptase-polymerase chain reaction and 
sequencing

Viral RNA was extracted from serum samples 
using a QIAamp viral RNA mini kit according to the 
manufacturer’s instructions (Cat No:52904, Qiagen, 
Germany). Reverse transcriptase-polymerase chain 
reaction (RT-PCR) assay was optimized to amplify the E1 
(576 bp) and E2 (1089 bp) genes of isolated viruses via 
four specific overlapping fragments that designed in this 
study. Primer pairs include: 

HCV-
F1: 5ˊ-TGTGCCCGCTTCAGCCTACCA-3ˊ
R1: 5ˊ-CTTCGCCCAGTTCCCCACCAT-3ˊ
HCV-
F2: 5ˊ-CCTGGCGGGCATAGCGTATTTCT-3ˊ
R2: 5ˊ-CAGCGGTGGCCTGGTGTTGTTA-3ˊ
HCV-
F3: 5ˊ-GTGGTGGGAACGACCGACAG-3ˊ
R3: 5ˊ-CCTCCGCTTGGGATATGAGTAACA-3ˊ
HCV-
F4: 5ˊ-AGCCTTGTCCACCGGCTCAT-3ˊ
R4: 5ˊ-CAGCGCCATTAACCCGACAAGAAC-3ˊ 
respectively.
Thermal conditions for all PCR assays were as follows: 
an initial denaturation step at 95°C for 8 minutes, 35 
cycles at 95°C for 35 seconds, 60°C for 35 seconds, 
and 72°C for 45 seconds and a final extension step at 
72°C for 10 minutes. 

PCR reaction products were gel‐ purified, and 
their sequencing was determined via a bidirectional 
approach using the above primers. The accuracy of 
primary sequences was confirmed by the BLAST 
database (http://www.ncbi.nlm.nih.gov/BLAST/).

Sequence analysis 
In addition to RT-PCR sequences, 100 sequences of 

HCV genotype 1a were retrieved from the GenBank of 
National Center for Biotechnology Information (NCBI) 
Databases (http://ncbi.nlm.nih.gov). The nucleotide 
alignment was performed for all sequences with the 
reference strains of the HCV genotype 1 (Accession 
numbers: NC_038882 and NC_004102). The Clustal W 
program that implemented in the  Bioedit 7.7.9 and MEGA 
X (24) was used for the multiple alignments. Moreover, 
all 14 obtained sequences were deposited in the GenBank 
with accession numbers MW736574  to MW736578 for 
the E1 gene as well as the accession numbers MW736579 
to MW736587 for E2.

https://en.wikipedia.org/wiki/Peptide
https://en.wikipedia.org/wiki/Protein
http://www.ncbi.nlm.nih.gov/BLAST/
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Analysis of primary and secondary structure 
All full length of E1 and E2 was evaluated to find the 

best neutralizing residues. At first, the active sites of the 
HCV-E1 and E2 structures were found from the recently 
published literatures (2, 25). 

Then, 100 protein sequences of HCV surface 
glycoproteins were obtained from the UniProtKB/Swiss-
Prot database (https://www.uniprot.org/statistics/Swiss-
Prot). Moreover, the amino acid sequences were deduced 
from the nucleotide sequences of RT-PCR products. 
Then, missense and silent mutations were assessed in all 
sequences by the MEGA X software (24). Also, a selective 
pressure possibility was calculated to better understand 
of the substitution rate in the RT-PCR products. It was 
obtained using the methods of Nei and Gojobori in the 
Lanl database (https://www.hiv.lanl.gov).  

Base of acquired information was selected bNAb 
epitopes as the appropriate sites for peptide library design 
that effectively in stimulation of immune response. 
Therefore, the online ExPASy ProtParam software and 
YASARA program (26) were employed for investigation 
and evaluation of primary and secondary properties of 
selected epitope structures, respectively. It was performed 
to acquire primitive data about peptide interaction with 
antibodies and presented for future in vitro and vivo 
studies. Moreover, the immune epitope database (IEDB) 
(27) was used to investigate the previous experimentally 
derived HCV bNAb epitope data. 

The inclusion criteria for mentioning software were 
based on properties of amino acid sequences and exclusion 
criteria were based on defined criteria in software.  

Three-dimensional structure analysis 
All three-dimensional structures (3D-structure) of HCV-E1 

and E2 glycoproteins, which were bound to antibodies were 
retrieved from Protein Data Bank (PDB) (https://www.rcsb.
org) with Pdb Ids, including 4N0Y, 4UOI, 4DGV, 4DGY, 
4G6A, 4GAG, 4GAJ, 4HS6, 4HS8, 4MWF, 4WHT, 4XVJ, 
5EOC, 5FGB, 5FGC, 5VXR, 6BKB, 6BKD, 6BKC, 6BZU, 
6BZY, 6BZW, 6BZV, 4WEB, 4JZN, 4JZO, 4HZL, 4Q0X, 
4Z0X, 5ERW, 2KZQ, 5NPH, 5NPJ and 5NPI. All of them 
were investigated to find the most significant structure of the 
binding antigen and antibody determinants. Thus, structural 
coordinates for all retrieved Pdb files were analyzed and 
visualized by PDB viewer software YASARA and SPDBV.

Substitution frequency
In order to better understanding of most common HCV-

1a, that circulating in the infected population worldwide, 
the amino acid substitution frequency in each position of the 
bNAb epitopes was determined. On average, we analyzed 
information about 90% of the UniProtKB/Swiss-Prot 
HCV-1a sequences through Homology-derived Structures 
of Proteins (HSSP) software (http://bioinf.modares.ac.ir/
software). The reference sequence of HCV-1a (Accession 
numbers: NC_004102) used as our input to HSSP and the 

amino acid substitution percentage was considered as our 
output. Subsequently, these data were compared with our 
amplicons sequences. 

This study was hypothesized that some of E2 epitopes 
mutants have a substantial effect on the neutralizing antibody 
binding affinity. Therefore, the substitution frequency step 
was considered to decrease the total of predicted mutants 
and acquire the more stable immunogenic peptides. This 
filtration approach was implemented to avoid confusing the 
immune system in the face of various immunogenic epitopes 
as a virus escape strategy that is very important in the success 
of vaccine projects. 

Furthermore, to compare the mentioned area in the 
other genotypes of HCV, the other reference sequences of 
HCV were retrieved from NCBI, including NC_009823.1, 
NC_009824.1, NC_009825.1, NC_009826.1, NC_009827.1 
and NC_030791.1, and a comparison was made.

Mutagenesis 
In the step of in silico mutagenesis to predict a residue 

with the strongest binding affinity to antibodies in each 
position, OSPREY 3.0 (Open Source Protein REdesign 
for You) software (28) was used. The mentioned PDB 
files with the best interaction properties were used as 
the input files for OSPREY. Also, only the most frequent 
residues detected in the previous section were used in 
OSPREY and the mutants were predicted. 

Furthermore, the energy landscape alteration of 
bound and unbound situations caused by amino acid 
substitutions and their conformational entropy was 
analyzed and calculated by OSPREY. Finally, selected 
mutants with the strongest binding affinity predicted as 
output of OSPREY and presented as PDB files. Then, 
a distinct positional peptide library was designed from 
HCV-E2 bNAb epitopes.

Results
The epitope regions and their common substitutions of 

the HCV-1a glycoproteins, E1 and E2, were evaluated 
to design a practical peptide library from the bNAb 
epitopes. Totally, one hundred HCV-1a isolates, of both 
E1 and E2, were retrieved from NCBI. Moreover, nine 
HCV-E2 and five HCV-E1 sequences were obtained from 
RT-PCR products. 

Sequence analysis 

Due to evaluation on the representation of complete 
HCV-E1 and E2 genes, multiple alignments were 
implemented. The missense and silent substitutions 
in critical epitopes of HCV-E1 and E2 regions were 
determined (Fig.1). 

Because of more nucleotide diversity in the HCV-E2 
regions, the selective pressure possibility was calculated 
in entire sequences obtained from patients. Its value 
was 0.19 which means a negative possibility in these 
sequences (Non-Synonymous/Synonymous <1).

https://www.uniprot.org/statistics/Swiss-Prot
https://www.uniprot.org/statistics/Swiss-Prot
https://www.hiv.lanl.gov
https://www.rcsb.org
https://www.rcsb.org
http://bioinf.modares.ac.ir/software
http://bioinf.modares.ac.ir/software
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Fig.1: The sequence variability of obtained HCV-E1 and E2 genes from the PCR products. The variability of A1. Nucleotide and A2. Amino acid 
sequences in different epitope regions of HCV-E1. The variability of B1. Nucleotide and B2. Amino acid sequences in different epitope regions of 
HCV-E2. C. Mutations in the E1 NAb epitopes of PCR products compared to reference sequence of HCV genotype 1a (NC_004102). D. Mutations 
in the E2 NAb epitopes of PCR products in comparison with the reference sequence of HCV genotype 1a (NC_004102). HCV; Hepatitis C virus and 
PCR; Polymerase chain reaction.
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Epitope evaluation

We selected a cluster of epitopes related to humoral 
immune response from the reliable article (2), IEDB, 
and UniProtKB/Swiss-Prot databases. Of four bNAb 
epitopes, three epitopes (EPI, EPII, and EPIII) 
belonged to the HCV-E2, and one epitope belongs to 
the HCV-E1.

In the next step of epitope investigation, this cluster 
of epitopes was analyzed in terms of physicochemical 
properties using the ExPASy software and their 
stability was confirmed (Table 1). Their high aliphatic 
indexes indicate these epitopes are in a wide range 
of thermostability, although the EPI has the highest 
aliphatic indexes (90.50). Also, negative GRAVY 
values show that these molecules are nonpolar. 

In the secondary structure, evaluation was indicated 
a suitable condition of atoms and residues placement. 
Also, it was shown β-Hairpin structures to binding to 
the antibody by YASARA. Thus, primary and secondary 
structures of mentioned epitopes were exhibited 
suitable for binding to neutralizing antibodies. 

In general, according to integrated data it looked 
better to select EPI in the E2 glycoprotein for the 

following current study. 

Mutation frequency

The percentage of mutation frequency was analyzed 
by using the HSSP databases for about 90% of E1 and 
E2 sequences in the NCBI. In this filtration strategy, five 
positions of the EPI, nine positions of the EPII, and eleven 
positions of the EPIII were detected as changeable and 
desirable sites of mutagenesis. We detected residues that 
could be substituted in these situations with high stability 
(Table 2). The bNAb site of E1 was highly conserved and 
limited number of mutations was observed among all the 
evaluated strains. Thus, E1 was excluded from this study.

These data were in accordance with the obtained results 
from Sequence Analysis section. The rare substitutions 
contained W420R, N434E and A524M. The HCV 
stable variants, specifically for these epitopes, that were 
observed in this study were too different of our result of 
database analysis.

The peptide sequences of seven reference genotypes 
were compared to evaluate the selected epitopes in the 
other HCV genotypes (Table 3). It was indicated that 
the EPI is the most conserved epitope among all HCV 
genotypes, but EPII and EPIII had clear variability. 

Table 1: Physicochemical properties of bNAb epitopes in the HCV-E2 glycoprotein 

Physicochemical parameters EPI (12 mer) EPII (13 mer) EPIII (18 mer)

Start 412 434 523

End 423 446 540

Residue sequence of ref-eeq 
(NC_004102)

QLINTNGSWHIN NTGWLAGLFYQHK GAPTYSWGANDTDVFVLN

Molecular weight 1396.53 1534.74 1927.06

Theoretical pI 6.74 8.60 3.56

Total number of atoms 192 213 260

Aliphatic indexes 90.50 67.69 65.00

Extinction coefficients 5500 6990 6990

Instability index 33.39 58.45 -3.40

Grand average of hydropathicity 
(GRAVY)

-0.600 -0.431 -0.122

These analyses were performed by the online ExPASy ProtParam software.
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Table 2: Percentage of mutation variability in the bNAb epitopes of the HCV-E2 glycoprotein

Epitope Amino acid positions Percentage of amino acid substitution

EPI 412 Q 92% H 3% E 1% N 1% S 1% G 1%

413 **L 100%

414 I 70% V 29% M 1%

415 N 94% R 3% K 1% H 1%

416 T 91% S 6% A 3%

417 N 99%

418 G 99%

419 S 99%

420 **W 100%

421 **H 100%

422 I 94% L 5% V 1%

423 **N 100%

EPII 434 N 47% D 19% H 12% Q 12% K 2% T 1% S 1%

435 T 99% A 1%

436 **G 100%

437 W 61% F 39%

438 L 36% I 48% V 15% F 1%

439 A 99%

440 G 76% A 18% S 6%

441 **L 100%

442 F 80% L 11% I 8% V 1%

443 Y 98% H 1%

444 Q 1% Y 38% H 22% T 15% R 9% S 4% V 2% F 1%

445 H 54% N 27% Y 9% R 5% S 2% K 1% Q 1%

446 K 73% R 17% N 5% S 4% Q 1%

EPIII 523 **G 100%

524 A 59% V 31% E 2% N 2% I 2% T 1% L 1%

525 P 99%

526 T 96% A 4%

527 Y 94% F 5%

528 S 21% N 48% T 19% R 8% G 1% K 1%

529 W 99% F 1%

530 **G 100%

531 A 21% E 57% G 7% S 7% D 5% T 1% V 1% C 1%

532 N 98% K 1%

533 D 45% E 48% V 2%

534 T 96% S 3%

535 **D 100%

536 V 99%

537 F 81% L 18%

538 V 58% L 37% I 4% M 1%

539 L 99%

540 N 81% E 7% K 3% R 3% T 2% D 1% Q 1%

**; Some substitutions with a special score in the table, such as 100%, are extremely close to it but not exactly.
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Table 3: Comparing three peptide regions (EPI, EPII, and EPIII in genotype 1) among seven reference genotypes of the HCV in the E2 glycoprotein 

Peptide region Genotype Accession number of ref seq Residues

EPI 1 NC_004102 QLINTNGSWHIN

2 NC_009823.1 QLVNTNGSWHIN

3 NC_009824.1 QLVNTNGSWHIN

4 NC_009825.1 QLINSNGSWHIN

5 NC_009826.1 QFVNTNGSWHIN

6 NC_009827.1 QLINTNGSWHIN

7 NC_030791.1 QLINTNGSWHIN

EPII 1 NC_004102 NTGWLAGLFYQHK

2 NC_009823.1 HTGFIASLFYTHS

3 NC_009824.1 NTGFIAGLFYYHK

4 NC_009825.1 NTGFLASLFYTHK

5 NC_009826.1 QTGFIAGlMYAHK

6 NC_009827.1 QTGFLSALFYRSN

7 NC_030791.1 QTGFLAALFYTHR

EPIII 1 NC_004102 GAPTYSWGANDTDVFVLN

2 NC_009823.1 GAPTYTWGENETDVFLLN

3 NC_009824.1 GVPTYTWGENEKDVFLLK

4 NC_009825.1 GVPTYTWGENETDVFLLN

5 NC_009826.1 GCPTYNWGSNETDILLLN

6 NC_009827.1 GNPTYNWGENETDVFMLE

7 NC_030791.1 GVPTYTWGENESDVFXLN

Bold letter shows the substitutions.

Desirable substitutions prediction on the bNAb regions 
The structural coordinates and characteristics within 

the 3D-structure of the HCV-E2 in a complex with 
neutralizing antibodies were analyzed and visualized by 
the PDB viewer software, YASARA and SPDBV. Two 
3D-structures, PDB IDs were selected, including 4DGV 
for EPI and 4MWF for EPII and EPIII. Based on the most 
significant situation in binding between mentioned epitope 
and antibodies, we considered in this selection. 4MWF is 
the most complete 3-D structure of E2, which has been 
presented and use for EPII and EPIII analysis. However, 
a part of EPI was deleted in this PDB file. So, 4DGV for 
EPI evaluation was selected. It makes the best binding 
structure between EPI residues and antibody determinant. 

Then, to design a worthy peptide library from the bNAb 
epitopes of E2, substitutions with the strongest affinity to 
neutralize antibodies were predicted using OSPREY 3.0.  
The obtained residues from the previous filtration step 
were used in this design (Table 4). 

Score alteration based on the energy landscape of possible 
situations and their conformational entropies were calculated 
(Table 4). The results revealed the residue that had the 

strongest binding affinity to antibodies and a minimum score. 
The integrated results showed that the EPI was the best 

region among bNAb epitopes of E2, although the EPII 
and EPIII had a slightly lower score than the EPI through 
OSPREY. These scores can be related to differences of 
selected PDB IDs. 

On the other hand, Q412E substitution has the lowest 
score among EPI residues in the PDB ID 4DGV. But it was 
not reproducible among other PDB IDs. Thus, I414M was 
acquired an excellent score in the EPI region. Moreover, 
T416S and I422V substitutions were exhibited pleasant 
scores. Also, Q412H, I414V and I422L were demonstrated 
more circulating among the infected population (Table 2). 
For this reason, they are mostly neutralized by antibodies. It 
may be related to the virus escape strategies. 

Moreover, EPII and EPIII were evaluated in PDB 
ID 4MWF by the following these methods. Then, their 
appropriate substitution was exhibited (Table 4). Due to 
the greater importance of the EPI, simultaneous mutations 
were also investigated in this epitope. Finally, a Positional 
Peptide Library from a cluster of the bNAb epitope of the 
HCV-E2 was mapped using obtained results (Fig.2). 
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Table 4: The binding scores of the bNAb epitopes on the HCV-E2 glycoprotein in complex with MAbs through OSPREY3.0

Epitope of E2 glycoprotein PDB ID Chain Residue number Residue(s) in ref seq Altered residue Score 

EPI

(412-423 aa)

4DGV A 412 Q E -20.25

A 414 I M -14.13

A 415 N H 171.68

A 416 T S -12.59

A 422 I V -9.82

A 414, 415 I, N M, H 158.46

A 414, 416 I, T M, S -26.05

A 412, 414, 416 Q, I, T N, M, S -45.38

A 414, 416, 422 I, T, I M, S, V -35.44

EPII

(434-446 aa)

4MWF C 437 W F -29.11

C 440 G S 1104.13

C 444 Q R -58.02

C 445 H N -39.47

C 446 K R -58.69

D 437 W F -39.14

D 440 G A 211.27

D 444 Q R -58.40

D 445 H S -40.39

D 446 K R -57.89

EPIII

(523-535, 536-540 aa)

4MWF C 524 A N -46.69

C 526 T A -32.72

C 527 Y F -37.32

C 528 S R -58.53

C 529 W F -42.91

C 531 A E -47.91

C 533 D E -45.22

C 534 T S -39.75

C 537 F L 35.91

C 538 V M -40.43

D 524 A N -43.27

D 526 T A -33.67

D 527 Y F -36.02

D 528 S R -59.46

D 529 W F -44.55

D 531 A G -28.16

D 533 D E -44.74

D 534 T S -40.50

D 537 F L 33.17

D 538 V M -41.13
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Fig.2: Designed positional peptide library from bNAb regions in the HCV-E2 
glycoprotein. A. The crystal structure of EPI region (residues 412-423) in 
red (PDB ID: 4DGV). B. The crystal structure of the EPII region (residues 
434-446) in purple and EPIII region (residues 523-540) in green (PDB ID: 
4MWF). C. Designed positional peptide library from EPI, EPII, and EPIII of 
HCV-E2 glycoprotein from the most common substitutions circulating in 
the host HCV population using OSPREY. HCV; Hepatitis C virus and PCR; 
Polymerase chain reaction.

Discussion 
One of the novel strategies of vaccine designing is 

implementing critical epitopes instead of using entire 
immunogenic protein. Many studies have been done 
on the mutagenesis of HCV epitopes and Multi-epitope 
vaccines until now (29, 30).

The ability of HCV in quick production of escape mutants 
is one of the considerable points of a vaccine production. 
The HCV contains a cluster of overlapping immunogenic 
epitopes in its surface glycoproteins that includes these 
escape mutants areas. This cluster is a suitable target for 

designing vaccines, novel drugs, or the new generation of 
detection kits.  

To evaluate of immunogenic epitopes on the 3-D 
structure of HCV, PDB database was used. The results 
were demonstrated that the 4N0Y was the only 3-D 
structure of bNAb sites of E1 (residues 314-324). It was 
complex with the MAb IGH526 (10). Also, 4DGV and 
4MWF detected as two of the best structures of E2 in 
investigation of binding affinity. These structures included 
bNAb epitopes in complex with Human neutralizing 
antibodies.  These bNAbs named HCV1 and AR3c for 
4DGV and 4MWF, respectively (31, 32). 

According to integrated results, the cluster of E2 
epitopes, influences B cell responses. So, E2 were picked 
out by focusing on bNAbs production as a key point.

In general, the results of the current study were shown 
that the substitution pattern of the obtained strains from 
Iran and the other sequences from NCBI were similar, 
although some mutations such as W420R are rare. 

Previous studies have reported some substitution like 
L438V, which was visualized in the EPII of obtained 
sequences from PCR products, lead to the viral escape 
from monoclonal antibody (MAb) CBH-2 and reduce 
viral fitness in the cell culture by MAb HC-11 (33) or 
altering E2 receptor binding (34). But this substitution 
may be neutralized by the other neutralizing antibodies 
such as no-human MAbs (35). Therefore, there is a 
need for further studies using new strategies like what is 
suggested in this study. 

In the current study, was shown that not only 
some residues are stably circulating in the host 
population, but also every substitution couldn’t use 
for vaccine and immune stimulation. In fact, there 
was a specified pattern of substitutions, even in the 
protein sequences of a virus with the quasispecies 
ability. None of the mutagenesis studies relating to 
HCV has mentioned this issue in mutant production. 
According to previous studies, many experimentally-
proven resistant mutants in peptide libraries were 
found rarely in the host population. In fact, 24% of 
them did not detect in any of the natural sequences 
(35, 36). Nevertheless, the residues that are great 
conserved in the host population mention a selection 
pressure to restrict mutation. Indeed, we believe 
that mutagenesis using common mutations in HCV 
strains of infected individuals can help to produce 
multi-epitope vaccines and development of effective 
immunity. 

In the second step of filtration were detected the 
mutants with the strongest affinity to neutralizing 
antibodies by OSPREY. For instance, in position 
414 located in EPI, a Methionine with the lowest 
score was detected by the most powerful connection 
among single mutations. Interestingly, N415 was 
determined inappropriate position for substitutions. 
However, there are several studies on mutagenesis in 

A B

C



Cell J, Vol 25, No 1, January 202371

Zareh-Khoshchehreh et al.

this position (35). In addition to single substitutions, 
simultaneous mutations naturally were occurred in 
the special region of HCV strains. Consequently, 
combinatorial substitutions in unique peptide 
sequences are indicated. I414M-T416S with two 
substitutions was detected as the most stable 
combinatorial mutations in EPI by OSPREY. 

The previous studies on conformational changes 
have been shown the alteration of protein function by 
mutation in critical binding sits (18, 19). Compared 
to previous HCV vaccine studies with multi-epitopes, 
our filtration strategy will enhance stable specific 
neutralizing antibody responses and reduce unwanted 
or non-neutralizing antibody responses. It is shown 
that EPI is the most conserved epitope among all 
HCV genotypes. Therefore, the predicted peptide 
library for EPI will be usable for all HCV genotypes. 
Hence, genotype five with three differentiations in 
amino acids may be an exception. 

It might be predicted that a multi-epitope vaccine is 
reasonably type to produce a more specific induction 
of immune responses. Thus, it can be proposed that 
an approach of this study to design a peptide library 
and then multi-epitope vaccine for hypervariable 
pathogens can be useful by increasing in producing 
effective neutralizing antibodies.

The lack of a whole 3-D-structure for E1 and 
E2 glycoproteins and absence of E1 and E2 entire 
sequences from Iranian strains in NCBI were the 
limitations of the current study. 

Generally, our results pointed to the design of a 
positional peptide library using replacement of filtered 
residues instead of all residues at the defined position. 
It theoretically to be effective against neutralizing 
antibodies was indicated. It was suggested to implement 
the mentioned strategy to design a peptide library 
as an innovative and cost-benefit procedure in the 
vaccine, drug, and diagnostic kits industry. To prove 
our hypothesis, the key point to design all vaccines is 
to induce and produce effective antibodies against the 
wild-type virus. This study was suggested epitopes with 
maximum coverage in wild-type viruses.

Conclusion
Here, we theoretically approached more stable and 

specific humoral immune response through an increase 
binding affinity of HCV mutants to neutralize antibody. 
Filtering many inefficient mutants of HCV that showed 
the best positional mutagenesis residues illustrated the 
significant role of positions 412, 414, 416, and 422 in 
the EPI of E2. Such platform may represent as a capable 
insight to design multi-epitope vaccines and/or novel 
medicine and/or diagnostics tools.
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Abstract
Considering HER2 as one of the well-known biomarkers in the cancer field, and published articles regarding serum 
levels of HER2, in this paper we tried to highlight the issue that most studies don’t stratify the HER-2 concentration 
of individuals in terms of gender. In this brief survey, healthy individuals with no prior non-communicable diseases 
were categorized as males (n=34) and females (n=43), and all samples were evaluated for plasma HER-2 levels 
at once. Surprisingly, the plasma level of HER-2 of healthy male individuals (mean= 2.28 ± 0.21 ng/mL) was 
significantly (P<0.0001) higher than the plasma level of HER-2 of healthy females (mean: 0.06 ± 0.09 ng/mL), 
with no overlap. Therefore, we suggest that more studies are required to re-check the cutoff values for HER-2 
plasma levels based on gender since the clinical implications of a unique HER-2 cutoff for both genders may be 
seriously concerning.
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The overexpression of human epidermal growth 
factor receptor 2 (HER-2) has been reported in cancers 
including breast, gastric, gynecological, prostate, and 
pancreatic, also other diseases such as diabetes, and 
coronary artery disease, suggesting assessment of the 
level of HER-2 as an efficient diagnostic modality. 
Hence, the measurement of serum or plasma HER-
2 level (1-4), along with Immunohistochemistry and 
Fluorescence In-Situ Hybridization (FISH) techniques 
is a growing field aimed to secure an accurate and 
less invasive approach for prognostic, diagnostic, 
and follow-up purposes.  Recently, the importance 
of HER2-low and ultra-low positivity has been 
highlighted to transform the traditional binary HER2 
scoring system (5-7). Patients with a low or very low 
level of HER2 expression are candidates for anti-
HER2 antibody-drug conjugates therapies (5, 7, 8). 
It has been shown that the expression of HER-2 is 
regulated by various factors such as estrogen receptor, 
estradiol, progesterone, and sex-hormone profile 

which is expressed differently in males and females (9-
13). Consequently, due to the physiological differences 
in males and females, a gender-related difference in 
HER-2 expression is expected. Therefore, we aimed 
to determine the significance of gender, as one of the 
most effective factors in the plasma level of HER-2.

We systematically searched for the studies from 
2000 to 2021 in MEDLINE concerning the serum 
level of HER-2 or HER-2 ECD (extracellular domain) 
in different diseases compared to the control group 
(Supplementary Materials 1 and 2, See Supplementary 
Online Information at www.celljournal.org). 
Interestingly, 73.6% of included studies (n=19) were 
divided neither the patients nor the control group 
based on their gender regarding the HER-2 or HER-2 
ECD serum level. However, a specified cutoff value 
for serum levels of HER-2 regarding the gender of 
patients is still undetermined yet of great importance. 
In this sense, we compared the serum level of HER-2 
in healthy males and females. Herein, robust evidence 
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on the difference in serum levels of HER-2 in males 
and females is provided.

In this brief survey, healthy individuals with no prior 
non-communicable diseases were categorized as males 
(n=34) and females (n=43), and all samples were evaluated 
with an ELISA for HER-2 level at once (Supplementary 
material 3, See Supplementary Online Information at 
www.celljournal.org). 

The human real samples were kindly provided by 
medical diagnostic laboratories of Sina Hospital, 
Farmanieh Hospital, and Motamed Cancer Institute in 
accordance with the ethical principles and the national 
norms and standards for conducting Medical Research in 
Iran (IR.ACECR.IBCRC.REC.1400.018).

We accepted only samples in ages (the 30 seconds to 50 
seconds) with a declaration of absence of other underlying 
diseases, especially diseases related to the immune system  
and acute or chronic inflammations, specific systemic 
diseases (rheumatology, endocrine, cardiovascular, etc.), 
no chemotherapy or radiotherapy in the last six months, 
and absence of pregnancy. Surprisingly, the plasma level 
of HER-2 of healthy male individuals (mean=2.28 ± 0.21 
ng/mL) was significantly (P<0.0001) higher than the 
plasma level of HER-2 of healthy females (mean: 0.06 ± 
0.09 ng/mL), with no overlap (Fig.1). Although reported 
very limitedly in few studies (14-16), similar results have 
not attracted significant attention before, and no further 
discussion on the underlying causes or implications is 
provided in the literature. 

Fig.1: An Illustration of a comparison between serum HER2 level in plasma 
of healthy males and females (tested by sandwich ELISA procedure using 
prepared kit (invitrogen).

Clinical implications of the difference in HER-2 level 
between males and females:

We have observed that HER-2 plasma level is highly 

gender-related, and in healthy males is approximately 
2-2.5 ng/ml, which is roughly 50 fold of the healthy 
female level.  In the case of considering a cutoff value 
based on the general population, the HER-2 plasma level 
of perhaps all male individuals, either healthy or diseased 
one would be higher than the cutoff value; therefore, 
the prevalence of diseases screened by serum HER-2 
may be overestimated in these individuals. The HER-2 
plasma level may also differ between males and females 
in the patients’ population; hence, male patients might 
have higher HER-2 levels due to their higher baseline 
HER-2 levels. The implications of this issue have been 
found significant in the interpretation of clinical data in 
some reports, although neglected by researchers (17-19). 
Through using average cutoff values, male and female 
patients might be over-treated and under-treated with 
HER-2-targeted therapies, respectively. Consequently, 
we strongly suggest more studies to define gender-
specific cutoff values for HER-2 plasma levels in healthy 
and patient populations.

In conclusion, according to our observation, male 
individuals may have higher HER-2 plasma levels than 
females which might arise from the differences in sex 
hormones in males and females. The cutoff values for 
HER-2 plasma levels must be defined based on gender 
since the clinical implications of unique HER-2 cutoff for 
both genders such as overestimation and underestimation 
of diseases in males and females and inaccuracy of HER-
2-targeted treatments are seriously concerning. However, 
more critical assessments are needed to find out if there 
were any nonspecific binding happened or the availability 
of gender-specific HER isoforms. Moreover, due to 
our limited group of studies, racial factors might also 
contribute to the observed difference in HER-2 plasma 
levels which necessitates similar investigations in other 
regions: with larger population involved. 
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