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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 References (Up to 40). 

B. Review articles 

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

Commentaries are short articles containing a contemporary issue that is relevant to the journal's scope and also expressing 
a personal opinion or a new perspective about existing research on a particular topic. The Commentary consists of English 
Abstract (unstructured), the body of the manuscript (should not hold heading or subheading),  Acknowledgements, Author’s 
Contributions, and References (Up to 30).

G. 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.

H. 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. 

I. 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.  

J. 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. 

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

Cell Journal(Yakhteh)

P.O. Box: 16635-148, Iran

Tel/Fax: + 98-21-22510895

Emails: info@celljournal.org

journals@celljournal.org
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Abstract
Neural cells are the most important components of the nervous system and have the duty of electrical signal transmission. 
Damage to these cells can lead to neurological disorders. Scientists have discovered different methods, such as stem cell 
therapy, to heal or regenerate damaged neural cells. Dental stem cells are among the different cells used in this method. 
This review attempts to evaluate the effect of biomaterials mentioned in the cited papers on differentiation of human dental 
pulp stem cells (hDPSCs) into neural cells for use in stem cell therapy of neurological disorders. We searched international 
databases for articles about the effect of biomaterials on neuronal differentiation of hDPSCs. The relevant articles were 
screened by title, abstract, and full text, followed by selection and data extraction. Totally, we identified 731 articles and chose 
18 for inclusion in the study. A total of four studies employed polymeric scaffolds, four assessed chitosan scaffolds (CS), 
two utilised hydrogel scaffolds, one investigation utilised decellularised extracellular matrix (ECM), and six studies applied 
the floating sphere technique. hDPSCs could heal nerve damage in regenerative medicine. In the third iteration of nerve 
conduits, scaffolds, stem cells, regulated growth factor release, and ECM proteins restore major nerve damage. hDPSCs 
must differentiate into neural cells or neuron-like cells to regenerate nerves. Plastic-adherent cultures, floating dentosphere 
cultures, CS, polymeric scaffolds, hydrogels, and ECM mimics have been used to differentiate hDPSCs. According to 
our findings, the floating dentosphere technique and 3D-PLAS are currently the two best techniques since they result in 
neuroprogenitor cells, which are the starting point of differentiation and they can turn into any desired neural cell.  
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Introduction 
The scientific community has placed considerable emphasis 

on the investigation of stem cells and their therapeutic 
applications. The pluripotent and multipotent characteristics 
of stem cells render them indispensable in tissue engineering 
methodologies, as they facilitate tissue regeneration and 
repair (1). Dental pulp tissue, which is developed from the 
neural crest, can now be acquired, separated, and conserved 
for extended periods of time through non-invasive and 
innovative techniques, such as retrieval from extracted 
wisdom teeth and shed deciduous teeth (2). Mesenchymal 
stem cells, which are a type of stem cells that exist in bone 
marrow in limited quantities, exhibit mesodermal tissue 
differentiation and are capable of differentiating into all three 

germ layers (3, 4). Multipotent stem cells, known as human 
dental pulp stem cells (hDPSCs), can be readily extracted 
from pulp tissue and have the capability to differentiate 
into diverse cell types, including adipocytes, osteocytes, 
glial cells, and neural cells because of their heterogeneous 
character (5). The aforementioned characteristic renders 
them a non-invasive and ethically sanctioned source of 
mesenchymal-like stem cells. hDPSCs that originate from 
neural crest exhibit neuro-ectodermal specification (5, 6). 
This allows them to generate different neurotrophic factors, 
like nerve growth factor (NGF) and glial cell line-derived 
neurotrophic factor, which confer neuroprotective properties 
(7, 8). It has been shown that hDPSCs express neural markers 
when transplanted into a rodent brain (9). The results of other 
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studies demonstrated the differentiation of these hDPSCs 
into specific kinds of neural cells, including spiral ganglion 
neuron and inner ear hair cells (10, 11).

Neural cells are fundamental components of the nervous 
system that enable the propagation of electrical signals. 
As a result, harm or impairment to these cells can lead to 
diverse neurological conditions that are contingent on the 
specific type of neuron affected (2). Various disorders can 
arise due to impairment in either the central nervous system 
or peripheral nervous system, including Parkinson’s disease, 
spinal cord injuries, and Alzheimer’s disease, among others 
(12, 13). The treatment of neurodegenerative disorders is a 
complex process owing to the restricted self-repairing ability 
of damaged neural cells and their incapacity to regenerate lost 
cells. Cell-transplant therapy has been investigated as a means 
to augment endogenous nerve regeneration. hDPSCs present 
a potential avenue for the restoration of neuronal damage 
through the application of tissue engineering methodologies, 
which is due to their capacity to undergo neuronal 
differentiation and endure harmful conditions associated with 
lesions (14). Nonetheless, a significant obstacle pertains to 
the proficient administration of these cells to the intended 
location and the establishment of a biocompatible milieu for 
cellular differentiation. The identification of an appropriate 
biomaterial for the transfer of cells and facilitation of their 
differentiation into specific cell types is a critical aspect of 
cell therapy (12, 15).

The integration of scaffolds, cells, and growth factors is a 
fundamental aspect in the development of structures utilised 
in tissue engineering (13). Scaffolds have an important effect 
on cell maintenance, growth, and differentiation, as well as 
in facilitating cell migration and adhesion by providing a 
suitable environment. Consequently, it is imperative that 
they exhibit distinct characteristics, including elevated 
biocompatibility, biodegradability, absence of toxicity, 
and lack of inflammatory properties. Scaffolds frequently 
employed in tissue engineering include chitosan scaffolds 
(CS), fibrin, collagen, fibronectin, polylactic acid scaffolds 
(3DP-PLAS), and natural or synthetic silk. Consideration of 
factors that include, but are not limited to pore size, texture, 
and mechanical strength, are imperative in the evaluation 
of these scaffolds. The structures in question are subject to 
two primary concerns, namely their limited cell-holding 
capacity and inadequate extracellular matrix (ECM) (7, 14, 
16, 17). To mitigate these limitations, a plausible approach 
involves the incorporation of exogenous biomaterials 
and the application of biomolecules and proteins to 
the scaffold. This strategy enhances the scaffold’s 
functionality by creating a more conducive environment 
that offers ample material and surface area for stem cell 
proliferation and differentiation. An alternative approach 
involves the development of an ECM-like architecture 
that utilises hydrogels or decellularised ECM, which can 
also provide the necessary substrate and surface (3, 8, 16).

The crucial significance of neural cells lies in their 
function of propagating electrical impulses throughout 
the nervous system. Consequently, any aberration in the 
functioning of these cells may lead to a disrupted nervous 

system. Hence, it is evident that a secure and ethically 
sanctioned approach for the regeneration of neural cells 
and nerves is imperative. hDPSCs represent a promising 
avenue for tissue engineering in the context of neuronal 
injury and neurodegenerative conditions, given their non-
invasive acquisition. Therefore, it is imperative to ensure 
the optimal utilisation and cultivation of these cells. The 
objective of this investigation is to gather and present 
scholarly inquiry centred on the development of settings 
that can proficiently transfer these cells to the designated 
location and direct their differentiation into the targeted 
neuronal cells. Since neuro regenerative treatments 
are a current research concern and are one of the main 
problems of today’s medicine, this study could create a 
new viewpoint on healing neurodegenerative diseases 
and their treatments.

Materials and Methods 
This scoping review was conducted by following the 

PRISMA guidelines.

Search strategy and selection
The objective of this scoping review was to identify 

and assess research studies that centred on the neural 
differentiation of dental stem cells. We identified 18 
studies that were published between 2014 to 2023 after a 
comprehensive search of the PubMed, Scopus, and Web of 
Science databases utilising the search flowchart outlined in 
Figure 1. The reviewed studies were all English. There were 
no restrictions placed on the search. The search methodology 
involved manual execution, and all pertinent studies were 
identified and subjected to a comprehensive review. The 
inquiry utilised four principal keywords, namely "neural", 
"differentiation", "dental", and "stem cells", alongside 
associated keywords derived from MeSH terms. EndNote 
software was utilised for the purpose of managing the 
studies and references that were searched. These studies 
and references were evaluated on the basis of their titles and 
abstracts. Redundant and non-related research works were 
identified and eliminated. The identification of duplicate 
entries was conducted by examining the titles of previously 
published articles, the year of publication, and the authors. 
Research relevant to the subject matter was thoroughly 
scrutinised, and only the outcomes that were relevant to 
the subject were chosen. Studies related to the topic were 
independently evaluated and selected by two researchers 
(MK and DA). The elimination process, which involved 
exclusion and inclusion criteria, was verified for accuracy by 
one researcher (RRD).

Exclusion and inclusion criteria
Any study that investigated the neural differentiation of 

dental stem cells was included in this scoping review. Duplicate 
citations, studies for which the full text was not available, 
animal studies, and unrelated outcomes were excluded.

Data collection and extraction

The objective of this scoping review was to identify 
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and assess research studies related to the topic of this 
study. The data acquired from the search were input 
into EndNote software, and an initial compilation of the 
necessary information was carried out by two researchers 
(MK and DA) through a review of the titles and abstracts 
of the articles. We screened 731 English articles published 
from 1968 to 2023. Animal studies were excluded from 
the analysis. After screening and finding the studies 
related to this scoping review, the primary author (MK) 
examined the full text of 43 studies and chose 18 that had 
the necessary information for conducting this research.

The data collection was based several key factors: authors 
and publication year, cell source, study type, biomaterial 
utilised, impact on differentiation, differentiation review 
technique, neural expression marker assessment, and 
resultant neural cell type.

Quality of studies
The first author (MK) assessed the studies and reported the 

required data according to the Strengthening the Reporting 
of Observational Studies in Epidemiology (STROBE) 
statement.

Primary and secondary endpoints
We primarily aimed to evaluate all available literature 

to identify and introduce the best biomaterial available to 
differentiate hDPSCs into neural cells based on the data 
provided by these papers. Our second aim was to evaluate 
and introduce cultures and growth factors used in this 
process that were published in these relevant papers.

Results
In the preliminary investigation, we detected 731 articles 

in the three databases: PubMed (n=151), Web of Science 
(n=132), and Scopus (n=448). From these, 290 duplicate 
papers were detected through automated means and 237 
were identified manually. Upon conducting an evaluation 
of 168 studies based on their titles and abstracts, a total of 
43 references were selected for further assessment of their 
full texts. In the end, a total of 18 articles were deemed 
eligible for inclusion and subsequent data extraction. Figure 
1 contains all of the extracted data. Exclusion criteria were 
applied to papers that incorporated stem cells obtained from 
individuals with medical conditions. One article was found 
to be inaccessible and subsequently excluded.

The biomaterial most commonly utilised in the reviewed 
literature was the "chitosan porous scaffold", which was 
featured in a total of four articles. Four studies employed 
polymeric scaffolds, while two used hydrogel scaffolds. 
One investigation utilised decellularised ECM, and   six 
studies applied the floating sphere technique during 
the differentiation process. An article was conducted to 
compare three protocols for the differentiation of hDPSCs 
into cholinergic neural cells. All techniques and materials 
employed were efficacious in generating neural cells or 
neuron-like cells, and demonstrated at least one positive 
neuronal expression marker assay. 

The extracted data and obtained results are expected 
to be of tremendous value to researchers globally who 
are engaged in the exploration of neuron regeneration 
therapy and cell engineering. We noted advantages 
and disadvantages for each biomaterial. hDPSCs 
appear to have the potential to turn into neural cells; 
however, the resultant cells depend on the techniques 
and materials used in the media and differentiation 
process (Table 1).  

Fig.1: Identification of studies via databases and registers.
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Table 1: The effect of biomaterials on hDPSC neural differentiation

Reference Authors Year of 

publication

Cell 
source 

Type of 
study

Biomaterial Impact on dif-
ferentiation

Differentiation 
review tech-
nique

Neuronal 
expression 
marker 
check

Resultant 
neuron 
type Scaffold Growth factors/ 

cultures

(14) Pineda 
et al.

2022 hDPSC In vitro Nanopat-
terned

poly(lactide-
co-caprolac-
tone) (PLCL) 
scaffolds

Plastic-adherent 
monolayer 
cultures, float-
ing dentosphere 
cultures

Indirect ICC

Flow Cytom-
etry

Neural stem 
cell marker 
Nestin, 
glial mark-
ers GFAP, 
and S100ß, 
and neuronal 
markers  
[NeuN and 
doublecortin 
(DCX)]

Not men-
tioned

(3) Gao et 
al.

2022 hDPSC In vitro TPS-PN 
plates 
(poly-N-iso-
propylacryl-
amide-co-
butyl acrylate 
coated TPS 
plates)

rVT, LN, PLO, 
PBS, PS, DPBS, 
Trypsin-EDTA, 
α-MEM, FBS, 
neurobasal-A, 
bFGF, EGF, 
B27, PN

Indirect Flow cytom-
etry,

immunostain-
ing

βIII-tubulin,

nestin

Not men-
tioned

(18) Drewry 
et al.

2022 Exclud-
ed (due 
to not 
being 
acces-
sible) 

--------- --------------
-----

----------------
------

----------- ----------------- ----------------- ------------
-----

(7) Zheng 
et al.

2021 hDPSC In vitro Chitosan 
porous scaf-
folds

Low glucose 
DMEM, FBS, 
penicillin, strep-
tomycin

Indirect Western blot,

IF staining,

RT-PCR

GFAP, 
S100β, 
β-tubulin III

Not men-
tioned

(16) Luo et 
al.

2021 hDPSC In vitro/ 
in vivo 
Sprague-
Dawley 
male 
rats

GelMA-
bFGF hydro-
gels

Indirect Immunohisto-
chemical analy-
sis, Western blot

GFAP, 
β-tubulin III

Not men-
tioned

(19) Farhang 
et al.

2021 hDPSC In vitro 3D hanging 
drop tech-
nique

Neurobasal 
media and 10% 
foetal

calf serum con-
taining 20 ng/
ml EGF, 40 ng/
ml human bFGF 
(hbFGF), SHH 
protein

Indirect ICC β-tubulin III 
and

NeuN

Not men-
tioned

(8) Laudani 
et al.

2020 hDPSC In vitro Decellular-
ized ECM 
scaffold

FBS, penicillin,

streptomycin, 
and fungizone, 
trypsin/EDTA, 
a-MEM, ascor-
bic acid

Indirect Cytofluorimet-
ric, IF, SEM, 
RT-PCR

MAP2, β-III 
tubulin, 
neurofila-
ment-heavy 
(NF-H), 
VIM, NF-L, 
PAX6

Not men-
tioned

(17) Hsiao et 
al.

2020 hDPSC In vitro 3DP-PLAS ----------------
------

Indirect IF staining GFAP, nestin,

neurofil-
ament-M 
(NF-M), 
β-III tubulin, 
MAP2

Neural 
precursor 
cells,

neuro-
genic 
structures, 
astrocyte-
like cells
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Table 1: Continued

Reference Authors Year of 

publication

Cell 
source 

Type of 
study

Biomaterial Impact on dif-
ferentiation

Differentiation 
review tech-
nique

Neuronal 
expression 
marker 
check

Resultant 
neuron 
type 

Scaffold Growth factors/ 
cultures

(20) Rafiee 
et al.

2020 hDPSC In vitro Neurosphere 
technique

20 ng/ml EGF, 
20 ng/ml bFGF, 
and 10 mg/ml 
heparin/ high-
glucose DMEM 
with 10% FBS 

Indirect Quantitative 
polymerase 
chain reaction 
(qPCR), West-
ern blot, and IF, 
Immunostain-
ing, Western 
blot

MAP2, and 
neurogenin 1 
(Ngn1)

Neural 
progenitor 
cells

(21) Goudar-
zi et al.

2020 hDPSC In vitro Neurosphere 
technique

5% E-CSF Indirect ICC, RT-PCR Nestin, 
MAP2, Oct4, 
Sox2, NF-M

Not men-
tioned 

(2) Kang et 
al.

2019 hDPSC In vitro --------------
-----

Protocol 1: 
BME and nerve 
growth

factor (NGF)

Protocol 2: 
D609

Protocol 3: 
bFGF, SHH, and 
RA

Indirect Flow cytom-
etry, cell cycle 
analyses, RT-
qPCR, ICC, 
analysis of 
acetylcholine 
(Ach) secretion 
in culture

media

ChAT, HB9, 
ISL1, BETA-
3, MAP2

Cho-
linergic 
neuronal-
like cells

(5) Pisciotta 
et al.

2018 hDPSC In vitro 3D floating 
sphere

culture sys-
tem

EGF, bFGF, 
DMEM/F12 
culture medium,

L-glutamine 
penicillin,

streptomycin, 
B27

Indirect IF analysis, 
Western blot, 
pseudocolour 
analysis

Nestin,

CD271, 
SOX-10, 
β-III tubulin, 
MAP2

Neural 
progenitor 
cells, neu-
ral crest 
stem

cells

(6) Bojnordi 
et al.

2018 hDPSC In vitro Neurosphere 
technique

bFGF, EGF, 
B27, N2, poly-
L-lysine-coated 
coverslips

Indirect Flow cytom-
etry, IF staining

Nestin, NF68,

MAP2, 
β-tubulin

Neuro-
progenitor 
cells, ma-
ture neural 
cells

(12) Ghasemi 
Hamida-
badi  et 
al.

2017 hDPSC In vitro Chitosan-
intercalated 
montmoril-
lonite/PVA

nanofibers

Serum-free 
DMEM/F12 
with 2% B27 
supplemented 
with 20 ng/mL 
bFGF and 20 ng/
mL EGF

Indirect RT-PCR,

immunostain-
ing

Oct-4, Nestin,

NF-M, NF-H, 
MAP2, β-III 
tubulin

Neuron-
like cells

(22) Geng et 
al.

2017 hDPSC In vitro --------------
------

Resveratrol, 
DMEM/F12, 10 
ng/ml bFGF, 500 
μM BME and 
10%

FBS

Indirect ICC staining, 
Western blot, 
RT-PCR

Nestin, 
Musashi and 
NF-M

Neuro-
progenitor 
cells

(13) Zhang 
et al.

2016 hDPSC In vitro Chitosan 
porous scaf-
folds

DMEM,

FBS, penicillin,

streptomycin

Indirect RT-PCR, West-
ern blot, IF 
assays

CNPase, 
MAP2, 
GFAP

Oligoden-
drocytes, 
astrocytes, 
neural 
cells
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Table 1: Continued

Reference Authors Year of 

publication

Cell 
source 

Type of 
study

Biomaterial Impact on dif-
ferentiation

Differentiation 
review tech-
nique

Neuronal 
expression 
marker 
check

Resultant 
neuron 
type 

Scaffold Growth factors/ 
cultures

(23) Martens 
et al.

2014 hDPSC In vitro Collagen 
hydrogel

Cell suspension, 
MEM,

type I rat tail, 

sodium hydrox-
ide/

alpha modifica-
tion

(alpha-MEM) 
FBS,

glutamine,

penicillin, 
streptomycin, 
BME, trans-RA, 
forskolin, bFGF, 
platelet-derived

growth factor 
AA (PDGFaa), 
heregulin-beta-1

(NRG)

Indirect ICC, ELISA laminin, 
p75, GFAP, 
CD104, 
nestin

Schwann 
cell-like 
phenotype

(15) Feng et 
al.

2014 hDPSC In vitro 3D highly 
porous CS

Neural induction 
medium (NIM)-
DMEM/F-

12 medium, 
B27, N2, BDNF,

NGF, bFGF

Indirect RT-PCR, West-
ern blot, IF

Nestin, 
CNPase, 
MAP2, 
GFAP

MAP-2+ 
neural 
cells, 
GFAP+ 
astrocytes 
and CNP+ 
oligoden-
drocytes

hDPSC; Human dental pulp stem cell, FBS; Foetal bovine serum, DMEM; Dulbecco’s Modified Eagle medium, bFGF; Basic fibroblast growth factor, EGF; 
Epidermal growth factor, BME; β-mercaptoethanol, SHH; Sonic hedgehog, RA; Trans-retinoic acid, RT-PCR; Reverse transcription-polymerase chain 
reaction, IF; Immunofluorescence, ICC; Immunocytochemistry, GFAP; Glial fibrillary acidic protein, MAP2; Microtubule-associated protein 2, CS; Chitosan 
scaffold, PVA; Poly (vinyl alcohol), and D609; Tricyclodecane-9-yl-xanthogenate.

Discussion
The third stage of nerve conduit development for 

repairing nerve injuries involves the integration of 
scaffolds, stem cells, controlled release of growth factors, 
and ECM proteins. This represents a more advanced 
iteration of the second generation. According to Luo et 
al. (16), this particular method has demonstrated efficacy 
for restoration of substantial nerve damage. Additional 
research is required to establish the effectiveness and 
safety of utilising hDPSCs as the stem cell constituent 
in this approach. Notably, Yang et al. (24) assessed the 
capability of three different stem cell groups gathered 
from teeth-dental follicle stem cells (DFSCs), stem 
cells from apical papilla (SCAPs), and DPSCs to repair 
a spinal cord injury in rats. Although most dental stem 
cells secreted nestin and β-III tubulin, interestingly, the 
DFSCs had better proliferation potential and this indicated 
their ability to adapt to the environment. It is necessary to 
determine successful techniques for their proliferation and 
differentiation into specific cell lineages (4). 

According to the literature, hDPSCs have the potential to 
differentiate in two distinct environments, namely plastic-
adherent cultures and floating dentosphere cultures (14). 
The scaffolds employed in this process of differentiation 
are subject to modification (13). Scaffolds are utilised as a 
microenvironment that emulates the function of the ECM 
in cellular growth and differentiation (15). 

CS are frequently utilised in conjunction with diverse 
growth factors and ECM proteins in these methodologies. 
The aforementioned scaffold possesses porous properties 
and can be manipulated into various shapes to facilitate its 
application in hDPSC neural differentiation. Additionally, 
it serves as a vehicle for conveying differentiated cells to 
the site of injury. It has been observed that the combination 
of CS with hDPSCs leads to an elevated probability of 
neural differentiation. The crucial attributes of CS are the 
means pore diameter and elevated swelling efficacy. A 
pore size of 268.79 ± 13.25 μm is deemed appropriate for 
neural growth and migration (7, 12, 13, 15).
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Research conducted by Zheng et al. (7) involved the 
integration of CS with basic fibroblast growth factor 
(bFGF) and ERK/p-ERK to enhance neural differentiation 
of hDPSCs. bFGF is a biological factor that possesses 
a brief half-life and necessitates a stable milieu for the 
purpose of directing the differentiation of stem cells. 
Nonetheless, the primary limitations of chitosan are its 
inadequate hydrophilicity and suboptimal thermal and 
physiochemical characteristics. Ghasemi Hamidabadi et 
al. (12) have tackled the aforementioned concerns through 
the amalgamation of organic monmorillonite (OMMT) 
and chitosan to enhance the physical and thermal 
characteristics. Additionally, they have incorporated poly 
(vinyl alcohol) (PVA) to augment hydrophilicity. The results 
revealed that an increased concentration of OMMT (5%) 
resulted in a greater induction of neural differentiation. 
Also, another use of chitosan was explored by Mu et al. 
(25). They assessed the effect of chitosan tubes immersed 
with DPSCs and stem cell factor (SCF) on facial nerve-
vascularised regeneration in rabbits. They reported that 
the combination of SCF and DPSCs had a positive effect 
on DPSC migration, activity and proliferation. SCF also 
provoked DPSCs neural differentiation. The SCF+DPSCs 
mixture inoculated in chitosan tubes prompted axonal 
regeneration and remyelination, and restored the function 
of regenerated nerve.

Polymeric scaffolds represent an alternative approach for 
the delivery and support of hDPSCs. PLAS are scaffolds 
that have been used for adhesion of hDPSCs, and the rate 
of their maturation is influenced by the dimensions of the 
pores present in these scaffolds. Pores of significant size 
are conducive to nourishment; although smaller pores 
offer a greater surface area, they may lead to necrosis. 
Scaffolds created with emerging technologies, such as 
3D printing, have been explored. The width of the gap 
between struts has been identified as a crucial element in 
this process (17). Reducing the width of these gaps to 150 
μm promotes cellular alignment, and application of poly-
L-lysine or alcohol immersion enhances cell adhesion on 
these structures. Control of the sizes of the pores and gaps 
provides tremendous advantage for polymeric scaffolds.

Investigation of functionalised nanopatterned PLCL 
scaffolds showed their ability to enhance the requisite 
environment for cellular differentiation and migration. 
The significance of time and temperature are crucial 
variables during scaffold fabrication and should be 
duly acknowledged. Various techniques for surface 
functionalization have been employed to improve cell 
adhesion, such as plasma and polydopamine (PDA) 
treatment, graphene oxide (GO), and poly-D-lysine 
coating. Nonetheless, these techniques may impact the 
nanotopography of the initial film, and could potentially 
diminish the surface patterning effect by impeding direct 
interaction between stem cells and the scaffold surface 
(14). The ability of resveratrol, a polyphenol, to promote 
neural differentiation of hDPSCs was also investigated. 
The results indicated that incubation of cells in 15 μM 
resveratrol for 12 hours provided the optimum condition 

for successful differentiation (22).
Hydrogels are considered a viable approach for creating 

the necessary microenvironment for growth and viability 
of the hDPSCs. According to the results by Luo et al. (16), 
GelMA hydrogels that incorporated 10% bFGF exhibited 
superior biocompatibility, degradability, pore size, and 
swellability. The physical characteristics of the hydrogel, 
such as its pore structure, cross-linking, and overall 
polymer content have an impact on its properties. These 
properties, in turn, impact the circulation of nutrients 
and oxygen in addition to the release of waste materials. 
The introduction of bFGF into the scaffold facilitates the 
proliferation and spread of hDPSCs. Another advantage 
of this biomaterial is its solubility compared to CS. 

Martens et al. (23) fabricated a specialised collagen 
gel using type I collagen extracted from rat tails, which 
effectively prompted the differentiation of hDPSCs into 
Schwann cells. The authors generated an engineered 
neural tissue that facilitated cellular alignment and 
guidance through the use of collagen, which ultimately 
promoted the cells to differentiate into Schwann cells.

One potential strategy for achieving hDPSC 
specialisation is through the replication of the ECM 
structure. According to Laudani et al. (8), the use of 
decellularised ECM obtained from stem cells in bone 
marrow is a viable option for scaffold material in this 
context. Their study revealed that the morphology and 
neural marker expression of the resultant cells were 
favourable and suggestive of differentiated cells with 
characteristics similar to neural cells. They emphasized 
that cellular differentiation and adhesion were augmented 
in this milieu when compared to a glass milieu.

Floating spheres is an alternative method to differentiate 
hDPSCs into the cells of interest. Conventional 
adherent techniques potentially disrupt the biological 
characteristics of cells. However, the 3D floating 
spheres have been shown to aid in the preservation of 
fibroblast-like morphology and embryological factors, 
while simultaneously maintaining differentiation and 
proliferation capabilities. These spheres are effective in 
helping hDPSCs differentiate into neural progenitor cells 
(5, 20). Bojnordi et al. (6) employed the neurosphere 
methodology in conjunction with poly-L-lysine coverslips 
to generate fully developed neural cells upon exposure 
to neural inducers. The neurosphere technique enhances 
neural crest stem cell marker expression of hDPSCs. 
Solis-Castro et al. (26) cultured hDPSCs in three different 
mediums with the sphere technique. They reported that 
BMP4 has a positive effect in neural marker expression 
when added to foetal bovine serum (FBS) and OSCFM 
cultures with this technique. The hanging drop technique 
is another 3D method. Farhang et al. (19) compared the 
3D method with a simple 2D culture and observed that 
hDPSCs cultured by the 3D hanging drop technique 
enriched with Sonic hedgehog (SHH) and hbFGF had 
significantly higher potential for differentiating into cells 
that express neural markers. Spinal cord fluid is also 
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effective when combined with the dentosphere process 
and is another valid method for neural differentiation of 
hDPSCs (21).

Advanced Dulbecco’s Modified Eagle Medium 
(ADMEM) is a commonly utilised culture medium for the 
growth and proliferation of hDPSCs. Alterations to this 
medium have the potential to induce neural differentiation 
in these cells. A study conducted by Kang et al. (2) 
compared three distinct protocols for the differentiation of 
cholinergic neural cells. Protocol I used β-mercaptoethanol 
(BME) and NGF. Protocol II incorporated tricyclodecane-
9-yl-xanthogenate (D609) into the medium, and protocol 
III combined bFGF, SHH, and retinoic acid (RA) with 
the medium. The outcomes of all three protocols were 
comparable; however, protocol III demonstrated a 
marginally greater secretion of neurotransmitters and 
elevated expressions of neural markers, which was 
attributed to the combination of bFGF, SHH, and RA.

A comparative study assessed the efficacy of 
transplantation of hDPSCs and human dental pulp-derived 
induced neural cells (DP-iNCs) in the amelioration of 
functional recovery of mice and the results indicated 
that the DP-iNCs were more effective than DPSCs. 
DP-iNCs are better for the niche of the chosen site for 
transplantation and their ability in angiogenesis is superior 
to hDPSCs. Hence, hDPSCs appear to be better used in the 
laboratory for differentiation into the desired cells prior to 
transplantation (27). The results of studies showed that the 
additional neurotrophic factor was a pivotal aspect of the 
treatment of the injured nerve site. Another study showed 
that the addition of platelet rich plasma to the hDPSCs was 
effective due to the ability of PRP to provide nutrients, 
align the anti-inflammatory response, and prevent neuron 
cells from apoptosis (28).  

In addition to cultures and scaffolds, other aspects of 
cell differentiation should be taken into account. For 
instance, DPSCs derived from the deciduous teeth of 
a Down Syndrome patient have a lower level of neural 
marker expression compared to the control group (29). 
Also, the cell cycle phase which the DPSC is in has an 
importance in the differentiation process (30). 

Luo et al. (16) transplanted the resultant neural cells into 
rats. The laboratory results confirmed the success of this 
experiment. Since no specific research has been conducted 
directly on humans in this regard, more studies must be 
conducted to confirm the potential benefit of these stem 
cells in the clinical setting.

The most common media, growth factors, and cultures 
used in these studies were: bFGF in nine studies (2, 3, 12, 
13, 15, 16, 19, 22, 26); penicillin in five studies (5, 8, 13, 
16, 23); and FBS for generating media in five studies (7, 8, 
13, 19, 23). The media was approximately the same in all 
mentioned studies; however, our main focus was scaffolds 
and we recommend additional studies be conducted to 
analyse the type of media for differentiating these stem 
cells into the targeted neural cells.

Diverse methodologies and substances have been 
investigated to establish ideal conditions for the 
differentiation of hDPSCs into fully functional neural 
cells or neuron-like cells. CS, polymeric scaffolds, 
hydrogels, and ECM mimicking strategies are all 
involved in enhancing the differentiation process. Our 
assessment of the cited articles indicates that hDPSCs 
have the potential to turn into neural cells. The important 
influencing factor is the technique used to obtain the 
desired cells. Continued exploration and improvements 
to these methodologies will further help nerve injury 
restoration and rejuvenation. 

We recommend that more studies, including human 
clinical trials, should be conducted to confirm the 
feasibility of these cells in the clinic. It would be helpful 
to evaluate the media and culture used for differentiating 
hDPSCs into neural cells or neuron-like cells.

Conclusion
hDPSCs could be used in regenerative medicine to 

effectively treat nerve damage. Scaffolds, stem cells, 
regulated growth factor release, and ECM proteins restore 
major nerve damage. hDPSCs must differentiate into 
neural cells or neuron-like cells to regenerate nerves. Thus, 
plastic-adherent cultures, floating dentosphere cultures, 
CS, polymeric scaffolds, hydrogels, and ECM mimics 
have been used to differentiate hDPSCs. Studies show that 
pore size, swelling efficiency, scaffold composition, and 
growth factors affect hDPSC differentiation and survival. 
Therefore, due to these traits, many effective nerve injury 
healing methods have emerged. However, each has 
advantages and disadvantages. These methods should be 
improved to maximise nerve damage treatment and safety 
using hDPSCs. According to our findings, the floating 
dentosphere technique (e.g., the neurosphere technique) 
and 3D-PLAS appear to be the two best techniques 
currently available since they result in neuroprogenitor 
cells, which are the starting point of differentiation and 
they can turn into any of the desired neural cells. The 
most recent published work indicates that the focus is on 
improving nanopatterned scaffolds and assessing their 
roles in differentiation of hDPSCs. They are proven to be 
useful for this purpose.
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Abstract
Objective: Stem cells (SCs) can improve the functional defects of brain injury. Rodents use their whiskers to get tactile 
information from their surroundings. The aim of this study was to investigate whether the transplantation of SCs into the 
lesioned barrel cortex can help neuronal function in the contralateral cortex.  
Materials and Methods: Sixteen male Wistar rats (200-230 g) were used in this experimental study. We induced 
a mechanical lesion in the right barrel cortex area of rats by removing this area by a 3 mm skin punch. Four groups 
containing one intact group of rats: group 1: control, and three lesion groups, group 2: lesion+un-differentiated dental 
pulp SCs (U-DPSCs), group 3: lesion+differentiated dental pulp SCs (D-DPSCs), and group 4: cell medium (vehicle) 
that were injected in the lesion area. Three weeks after transplantation of SCs or cell medium, the rats’ responses of 
left barrel cortical neurons to controlled deflections of right whiskers were recorded by using the extracellular single-unit 
recordings technique.  
Results: The results showed that the neural spontaneous activity and response magnitude of intact barrel cortex 
neurons in the lesion group decreased significantly (P<0.05) compared to the control group while ON and OFF responses 
were improved in the D-DPSCs (P<0.001) group compared to the vehicle group three weeks after transplantation.   
Conclusion: Transplantation of dental pulp mesenchymal SCs significantly improved the neural responses of the left 
barrel cortex that was depressed in the vehicle group.
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Introduction
The discrete clustering of its layer IV neurons, 

collectively known as barrels distinguishes the barrel 
cortex (1).  Each layer IV barrel receives precise sensory 
information from a single whisker via the thalamus. 
Extracellular field potential recordings have been used to 
study this precise structure-function relationship in brain 
slices (2).

The sensory info integration among the cerebral 
hemispheres is important for numerous perceptual 
tasks which need bi-lateral coordination.  The right 
and left somatic sensory cortex function is narrowly 
linked through the corpus callosum (3). The sensory 
info integration through the corpus callosum is yet 
a mystery at the cellular level, however, some new 
articles have started to discover the  interhemispheric 

cellular dynamics in the somatosensory system (4). 
Still, how the number of changes of real-time activity in 
one cortical area is mirrored in that of its contralateral 
counterpoint is yet an unsolved question (5). The 
subcortical pathways from the whiskers on the left 
and right side of the face are kept quite separate from 
the periphery to the cortex causing a cortex functional 
lateralization (6). 

Nevertheless, when barrel neurons reply best to 
contralateral whiskers stimulations, they are also affected 
by the whiskers on the ipsilateral side of the face as well. 
Ipsilateral whiskers stimulation induces both local field 
potential and spikes in the layers of IV and V neurons in 
the barrel cortex field (7). Cortical neurons’ responses to 
the ipsilateral whiskers are mediated by callosal links since 
blocking activity in one hemisphere removes all replies in 
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the hemisphere ipsilateral to the stimulated whiskers (8).
This may be why, in anesthetized rats, the contralateral 
intact neuronal activity to the damaged barrel cortex is 
reduced (9). Also, cerebral cortex lesions generate 
several complex responses to damage of the brain. 
Well-reported hypo-excitability impacts caused by  
cortical lesions consist of extensive hypo-metabolism 
(10), decreases in blood flow (11), reductions in 
glucose metabolism (12) and low amplitude of 
electroencephalogram (EEG) activity (13) in the 
contralateral along with ipsilateral cortex after damage 
of the brain. Some of the overall metabolic impacts are 
observed through extensive areas, while other deficits 
seem to be limited to areas in the brain connected by 
their neural links to the damaged areas (14).

To reach functional recovery, injured neuronal 
network repair and links in the contralateral 
hemisphere area are needed. A perfect illustration of 
these therapeutic influences in stem cell (SC) therapy 
though, has been problematic and infrequently stated 
before (15). Dental pulp SCs are non-invasive and can 
be easily isolated from the pulp of adult and postnatal 
elongated teeth, they can be a suitable option for cell 
therapy of central nervous system injuries.

SC transplantation could increase axon density and 
axonal sprouting in the lesion area (16, 17). Several studies 
highlight the idea that neurotrophic factors released from 
SC grafts have an important role in the valuable influence 
of SC transplantation therapy (18-20). 

The current research aimed to calculate the effect of 
SCs therapy on the ON and OFF neuronal response of 
intact contralateral cortical barrels by the single unit 
recording technique in rats with a lesioned barrel cortex 
on the opposite side. 

Materials and Methods    
Animals

The Kerman Neuroscience Research Center’s Research 
Ethics Committee  (IR.KMU.REC.1399.510) gave its 
approval to the experimental study. Eighteen male adult 
Wistar rats (200-230 g) were used in this study. The 
animals had clean cages and were kept in an animal house 
that was temperature-controlled, well-ventilated, and had 
free access to a regular diet and water.

Isolation and characterization of DPSC
Isolation and characterization methods were 

described in our previous study (19). Briefly, the 
pulp of lower and upper jaw teeth was extracted 
heterogeneously from 2 Wistar rats (200-300 g). Their 
pulp tissues were crumbed and then added into a falcon 
tube containing collagenase I (Serva). Cell cultivation 
was performed.

As some of these cells exhibited an oval or fibroblast-
like shape before neural differentiation, a third passage 
was used for immunophenotypic analysis to trigger 

differentiation. Flow cytometry was used for analyzing the 
immunophenotypic characterization of cells. After neural 
differentiation, the cell morphology revealed neuronal-
like cells with large, rounded cell bodies and neuron-like 
processes. SCs were differentiated (19).

Extracellular single-unit recording
Surgery and groups

Sixteen rats were randomly divided into four 
experimental groups (n=4). After the rats were 
anesthetized with Ketamine/xylazine (80/10 mg/
kg), the head of the rat was fixed in the stereotaxic 
frame (Stoelting, USA). The right parietal skull was 
exposed posteriorly (1 to 4 mm) and lateral (4 to 7 
mm) to the position of the bregma and was removed 
by a dental drill. The barrel cortex was cut by a 3-mm 
skin punch, and then the lesion area was washed with 
normal saline at 37°C. The skin was stitched and the 
rats were returned to their cage. See this protocol in 
our previous study (19). 

In this study there was 4 groups. i. Control group was 
without any surgery or injection, ii. A total of 1×106 
undifferentiated dental pulp stem cells (lesion+U-
DPSC group) in 80 µl of DMEM, iii. A total of 1×106 
differentiation dental pulp stem cells (lesion+D-DPSC 
group) in 80 µl of DMEM, and iv. Lesion+vehicle 
group, the rats received 80 µl of DMEM which was 
injected directly into the lesion site three days after lesion 
induction.

Then, the neural activities of the left intact cortical 
barrels to the right whiskers deflection of rats were 
recorded by the single-unit recording approach. The 
number of neurons in each group was as follows: 
control (n=16 neurons), lesion+vehicle (n=27 neurons), 
lesion+U-DPSC (n=18 neurons), and lesion+D-DPSC 
(n=30 neurons). 

Each rat was intraperitoneally anesthetized with 
urethane (1.2 mg/kg), and then the rat’s was fixed 
head in a stereotaxic frame. A dental drill was used 
to expose and remove the left parietal cortex. Using 
a servo-controlled heating pad, the body temperature 
was set to 37°C. Injecting 10% of the initial dose 
of urethane was used to control the spontaneous 
movements of whiskers and irregular breathing when 
changing anesthesia depth. A tungsten microelectrode 
(1-3 MΩ, FHC) was perpendicularly inserted into the 
posterior medial field of the barrel cortex by a micro 
driver (WPI, USA). All units were recorded from 
depths 600 to 1000 mm of the cortex. The bandpass 
of the amplifier was 0.3-10 KHz, a preamplifier 
amplified the signals. The obtained data were saved 
on a computer (Science beam, Iran). Neuron electrical 
activities were  considered single units’ activity by a 
signal-to-noise ratios of at least 3:1. An offline sorter 
of window discriminator was then used to isolate each 
neuron (8, 21, 22). 



Cell J, Vol 25, No 12, December 2023 824

Neural Activity Recovery after SC Transplantation 

Mechanical whisker deflection
A miniature speaker connecting to a glass micropipette 

(with an inner diameter of 0.68 mm and an outer diameter 
of 1.2 mm) was used to deflect the whiskers of the right 
mystacial pad in each rat by a controlled-mechanical 
whisker deflection.

Then whiskers were cut by 10 mm from the surface 
of the face. After determining a whisker of D2, the 
whisker was placed in glass tubes connected to the 
speaker. The whisker was moved randomly 50 times 
(23).  

A graduated microscope was used to calibrate the 
amplitude of down-upward (500 µm) deflections, hold 
phase (200 ms) and rise time (5 ms). The ON neural 
response magnitudes (moving the whiskers down from 
the resting position) and the OFF neural response 
magnitudes (moving back to the resting position) 
were recorded. The recorded bin size was adjusted to 
1000 ms. By counting the spikes/bin, the unit activity 
was summed and illustrated as peri-stimulus time 
histograms (PSTHs) (24, 25).

Statistical analysis
Testing the normality of data distribution was performed 

using the Kolmogorov-Smirnov test.
All statistical analyzes were performed using SPSS 

software (version 22, IBM, USA). A one-way ANOVA 
analysis followed by Bonferroni post hoc test was 
applied. Data are expressed as mean ± SEM. A P<0.05 
was considered statistically significant.

Results
Spontaneous activity

Spontaneous activity of neurons to the D2 whisker 
deflection (0-300 ms) is shown in different groups 
(Fig.1). ANOVA revealed a significant main effect 
[F (3, 87) =10.151, P=0.0006] for the spontaneous 
activity variable. The results showed that a lesion in 
the right barrel cortex leads to a significant reduction 
in spontaneous activity in the right intact barrel cortex 
of the lesion+vehicle group compared to the control 
group. 

The analysis also reported a significant increase in 
spontaneous activity in the lesion+Un-DPSC compared 
to the vehicle groups. Results showed that SC therapy 
cannot restore spontaneous activity to the control level 
(P<0.001, Fig.1).

A cumulative peri-stimulus time histogram (PSTH) was 
used to measure and compare neuronal responses in the 
barrel cortex in the control (n=16 neurons), lesion+vehicle 
(n=27 neurons), lesion+U-DPSC (n=18 neurons), and 
Lesion+D-DPSC (n=30 neurons) groups. Figure 2 shows 
a sample response of cumulative PSTH neurons to PW 
(D2) deflection.

Response magnitudes 
The mean evoked response magnitude of barrel neurons 

in layer IV of the left hemisphere was analyzed following 
stimulation on whisker D2. 

Fig.1: The mean of spontaneous activity of neurons. The spontaneous 
activity of the left intact cortex of the lesion+Un-DPSC, lesion+D-DPSC, 
and lesion+vehicle groups were compared to that of the control group. 
The sign of (*) shows a significant statistical difference between the lesion 
group and the control group. The sign of (#) shows a significant statistical 
difference in each group compared with the lesion+vehicle group. Data 
are expressed as mean ± SEM. Un-DPSCs; Un-differentiated dental pulp 
stem cells, D-DPSCs; Lesion+differentiated dental pulp stem cells, ***; 
P<0.001, and ###; P<0.001. 

Fig.2: A peri-stimulus time histogram (bin=1 second) showing responses 
to the whisker of D2 in the control, lesion+vehicle, lesion+Un-DPSC, and 
lesion+D-DPSC groups. Un-DPSC; Un-differentiated dental pulp stem cell, 
and D-DPSC; Lesion+differentiated dental pulp stem cell.
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ON responses
Analysis of data by One-way ANOVA revealed that 

there was a main significant effect on the average of the 
ON response magnitudes of barrel cortical neurons [F 
(3, 87) =10.151, P=0.000]. Post hoc analysis revealed 
that the mean of response magnitude in the intact barrel 
neurons reduced significantly in the lesion+vehicle group 
(P<0.001) and lesion+Un-DPSC (P<0.01) compared to the 
control group. The mean of response magnitude revealed a 
significant increase in the lesion+D-DPSC group compared 
to the lesion+vehicle group (P<0.01). The mean of response 
magnitude of the lesion+Un-DPSC group in comparison 
with the lesion+vehicle group, did not show any significant 
change (Fig.3). 

Fig.3: ON responses. ON response magnitudes of the D2 barrel neurons to 
the whisker deflection in different groups are shown. Data are expressed 
as mean ± SEM. Un-DPSC; Undifferentiated dental pulp stem cell, D-DPSC; 
Lesion+differentiated dental pulp stem cell, **; P<0.01, ***; P<0.001, 
compared to control group, and ##; P<0.01, compared to lesion+vehicle 
group. 

OFF responses

There was a significant effect on the OFF-response 
magnitudes of barrel cortical neurons [F (3, 87)=8.409, 
P=0.001]. The mean of OFF response magnitude at the 
time of stimulation did not show any significant change 
between the control and the lesion+vehicle groups. When 
the D2 whisker was deflected, there was a significant 
increase in the response magnitude of lesion+D-DPSC 
compared with lesion+vehicle groups (P<0.001). 
The mean magnitude of the OFF response was not a 
significant change in the lesion+Un-DPSC compared to 
the lesion+vehicle group (Fig.4). 

Fig.4: OFF Responses. Magnitudes of the OFF response of the D2 barrel 
neurons to the whisker deflection in different groups are shown. Data 
are expressed as mean ± SEM. Un-DPSC; Un-differentiated dental pulp 
stem cell, D-DPSC; Lesion+differentiated dental pulp stem cell, and ###; 
P<0.001 compared to lesion+vehicle group.

Latency
Latency ON 

There was a main effect on the latency of neuronal responses 
[F (3, 87)=10.328, P=0.001]. Results revealed that latency in 
the lesion+vehicle group increased significantly compared 
to the control group (P<0.01). There was a significant 
reduction between lesion+Un-DPSC and lesion+D-DPSC in 
comparison to the lesion+vehicle group (P<0.01, Fig.5).

Fig.5: Response latency ON. Response latency of the D2 barrel neurons 
to the whisker deflection. Data are expressed as mean ± SEM. Un-DPSC; 
Un-differentiated dental pulp stem cell, D-DPSC; Lesion+differentiated 
dental pulp stem cell, **; P<0.01, as compared to the control group, and 
##; P<0.01, as compared to lesion+vehicle group. 
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Latency OFF
There was not a main effect on the latency OFF of 

neuronal responses [F (3, 87)=1.886, P=0.138]. There was 
no significant difference between the control and lesion, 
and also between the lesion and SCs groups (Fig.6).

Fig.6: Response latency OFF. Response latency of the D2 barrel neurons to 
the whisker deflection. Data are expressed as mean ± SEM. Un-DPSC; Un-
differentiated dental pulp stem cell, D-DPSC; Lesion+differentiated dental 
pulp stem cell. 

Discussion
The present study revealed that the spontaneous activity, 

latency, and features of response magnitude in the barrel 
cortex opposing the damaged barrel cortex declined 
compared to the control group’s neural activity, three 
weeks after the unilateral focal lesion in the right barrel 
cortex. Lesions in the contralateral barrel cortex could 
change the response patterns of the neural responses of 
the intact homotopic cortex, which might also influence 
the animals’ behavior (19). This response can improve in 
the groups that were injected with SCs in the lesioned area 
compared to the vehicle group three weeks after injection.

Reduced activity in spontaneous and evoked responses 
after 3 weeks in the lesion group, as well as disorders in 
the experience-dependent plasticity in the intact barrel 
cortex neurons following a lesion in the homotopic region 
in the opposing cerebral hemisphere, have been reported 
(14) which is consistent with the present study.

Reduced input from the lesioned hemisphere into the 
intact barrel cortex through the corpus callosum inputs is 
a possible mechanism for changes due to the lesion (5). 
According to a chronic study a barrel field cortex, sub-pial 
aspiration lesion could meaningfully degrade both evoked 

activity and background in the barrel field cortex of the 
contralateral (14). 

Still, several types of change, including reactive events, 
reduced growth factors, and release of neurotransmitters 
from the lesioned area and also eliminating the activity 
of ongoing interhemispheric signals originating from 
the lesioned area can be produced by a cortical lesion. 
These events are considered the possible modulators for 
firing features in neurons on the contralateral side (5). 
Changes in the dendritic morphology and growth factor 
performance might influence the function and structure 
of the contralateral barrel cortex of the lesion area (26). 
Also, the reduced cortical excitability mentioned in 
this study is probably the result of reduced excitatory 
neurotransmitter levels in the contralateral cortex (27) 
which can be investigated in further studies. 

Besides, one could argue that thalamocortical 
projections play a role in improving animal performance 
(28) as a potential supporter for performance recovery 
following bilateral or unilateral SI and SII cortex (29).

We observed neural responses improved in both 
U-DPSC and D-DPSC groups, this improvement was 
significant in the D-DPSCs group compared to the vehicle 
group. However, a significant proportion of grafted SCs 
migrated to the contralateral side of the brain, whether 
this was lesioned or intact, showing that SCs are attracted 
by and interact with both reorganization and degeneration 
regions (30). Behavioral recovery after brain damage can 
be improved by SC transplantation in animal models but 
there is no understanding of the functional integration of 
SC-derived neurons into injured brain circuitry (20).

Because a large part of this area is eliminated by our 
mechanical lesion, therefore rearrangement of these 
neuronal barrel clusters by SC injection is far from 
expected. However, SC transplantation can induce 
events to enhance performance at the molecular level in 
the ipsilateral cortex.  The ability of DPSCs to provide 
trophic factors in the peri-lesioned area was proved in our 
previous study (19). 

Regeneration of damaged neuronal axons (31), reduction 
of apoptosis (32), glial scar (33), and inflammation 
(34), the release of neuroprotective factors, and the 
ability to differentiate various cell types, for example, 
oligodendrocytes, functional neurons, and astrocytes 
(35) have been considered as feasible mechanisms for 
functional improvement. Sc therapy may reopen the SII 
and the contralateral barrel cortex plasticity as well as the 
plasticity of the remaining barrel cortex that escaped the 
lesion (19). Still, we do not know the exact mechanism of 
how the neurons connected to the thalamus and the barrel 
contralateral cortex. Further investigations are needed to 
find the exact mechanism. 

Transplanted human embryonic SCs in rodents, send 
axonal projections to extensive brain areas, including 
the contralateral cortex (19). Following a stroke in rats, 
axonal projections from intracortical transplanted SC-
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derived (36) cortical neurons extend to both contralateral 
and ipsilateral hemispheres. Whether an activity in the 
grafted neurons influences sensorimotor function as well 
as these efferent connections become incorporated into 
stroke-injured host neural circuitry remains unclear (20). 
In our previous study, it was shown that transplantation 
of DPSCs into a lesioned somatosensory (barrel) cortex 
can facilitate the recovery of function at week 2-4 
compared to the vehicle group and affected a range of 
neuronal markers such as nestin, NeuN, Olig 2, BDNF, 
neuroligin1 and GFAP in the barrel cortex post-lesion 
(19). After cortical stroke, transcallosal connections 
are important and involved in behavioral recovery and 
spontaneous interhemispheric structural rearrangement. 
Transcallosal connections of transplanted neurons are 
likely to participate in this reorganization (37). The results 
of several recent studies in other experimental models 
confirm this idea which is in line with our findings, that 
regeneration of the cortical neural circuitry is probable by 
cell transplantation in the damaged adult brain (20).

The current study had limitations for recording from the 
lesioned- barrel cortex and there is a lack of information 
about how SCs injection can consequently influence 
neural function.

Conclusion
Injection of D-DPSCs or U-DPSCs into the lesioned 

barrel cortex area can improve the homologous opposite 
cortical neural responses. Although the injection of SCs is 
not expected to reorganize the barrel, the changes in the 
contralateral barrel cortex could be observed after lesion 
and SC therapy in neural connections with the area of 
brain damage.
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Abstract
Objective: This study aimed to investigate functional role of long ncRNA (lncRNA) 91H in liver cancer tumorigenesis, 
focusing on its effect on cell proliferation, apoptosis, cell cycle progression, migration, invasion, epithelial-mesenchymal 
transition (EMT) and in vivo tumor growth.  
Materials and Methods: In this experimental study, liver cancer tissues and cell lines were analyzed for lncRNA 91H 
expression using quantitative reverse transcription polymerase chain reaction (qRT-PCR). By employing si-RNA to 
silence 91H, we aimed to gain a more in-depth understanding of its specific contributions and effects within these cells. 
Cell proliferation was assessed through the CCK-8 assay, while apoptosis and cell cycle progression were quantified 
using Annexin V-FITC staining and flow cytometry, respectively. Migration and invasion capabilities of liver cancer cells 
were assessed through transwell assay. EMT was assessed by analyzing protein expression levels of EMT-associated 
markers through western blotting. In vivo effect of 91H was assessed through xenograft experiments. 
Results: Significantly higher levels of lncRNA 91H were observed in the liver cancer tissues and cell lines, than the 
normal cells. Silencing 91H in liver cancer cells led to a notable reduction of cell proliferation by inducing apoptosis 
and arresting the cell cycle. Liver cancer cells with decreased 91H expression exhibited diminished migration and 
invasion abilities, suggesting a role for 91H in promoting these processes. Furthermore, 91H knockdown weakened 
EMT in liver cancer cells, indicating its involvement in modulating this critical cellular transition. Furthermore, growth of 
subcutaneous xenograft tumors and weight was effectively suppressed by sh-lncRNA 91H.  
Conclusion: Our study strongly supports lncRNA 91H's role in liver cancer progression by enhancing proliferation, migration, 
invasion, and EMT. Targeting 91H reduced in vivo tumor growth, highlighting its potential as a therapeutic liver cancer target. 
These findings suggest 91H's pivotal role in liver cancer aggressiveness, opening doors for future therapeutic approaches.
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Introduction
In the recent years, liver cancer has become one of the 

most overwhelming and highly challenging human health 
disorders. Neoplastic human malignancies are grouped 
with the top five human cancers, both in terms of disease 
prevalence and associated mortality at the global level (1, 
2). Liver cancer ranks as the fourth leading global cause 
of mortality, and the overall incidence of liver cancer has 
increased over the last two to three decades (3). Liver 
cancer incidence is anticipated to surge by 55.0%, with 
a corresponding 56.4% rise in the number of fatalities 
expected between 2020 and 2040. Moreover, this disease 
occurs at a comparatively high frequency in East Asian 
countries (4). However, the incidence of liver cancer has 
slightly declined in China and Japan (5). Chronic liver 
infections, such as hepatitis B and C, fatty liver disease, 
alcohol consumption, and obesity are among some of 
the commonly reported risk factors for liver cancer (6). 

While surgery and liver transplantation are the first-line 
treatment strategies employed for liver cancer, fewer 
than 20% of patients qualify for therapy (7). In the rest of 
cases, localized or systematic chemo- or radiotherapeutic 
approaches showed limited clinical success and often 
exhibited metastasis because of the heterogeneous nature 
of cancer cells (8). In addition, advanced stages of liver 
cancer are associated with a high risk of recurrence (9). 
Hence, exploration of liver cancer pathogenesis at the 
molecular level is necessary for better understanding of its 
progression and allocation of more effective therapeutic 
targets.

Long non-coding RNAs (lncRNAs) have gained 
immense attention with development of the human 
genome project, and they have received considerable 
research attention. Classified as the RNA transcripts 
lacking protein coding potential and comprising more 
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than 200 nucleotides, lncRNAs have been demonstrated 
to affect several physiological and pathological aspects of 
the human body including the growth, progression, and 
metastasis of cancer (10, 11). 

lncRNAs have garnered substantial attention in the 
recent years, due to their pivotal roles in regulating 
various cancer pathways and their potential as valuable 
biomarkers for diagnosing diseases. What was once 
considered an enigmatic facet of molecular biology has 
now evolved into a significant area of study, shedding light 
on the intricate involvement of lncRNAs in virtually all 
of the fundamental characteristics associated with cancer. 
Various studies showed that lncRNAs exhibited significant 
dysregulation in human cancers, including liver cancer, 
while they were implicated to serve as key prognostic and 
therapeutic targets (12, 13). Traditionally, cancer research 
revolved around several well-defined hallmarks of the 
disease, including sustained proliferation, replicative 
immortality, evasion of growth suppressors, induction of 
angiogenesis, resistance to programmed cell death, and the 
formidable process of metastasis. Notably, lncRNAs have 
become instrumental in understanding and manipulating 
these hallmark features. They are now recognized as key 
orchestrators, exerting a profound influence on each of 
these facets of cancer progression. For instance, lncRNAs 
have been found to govern the uncontrolled cell division 
observed in the sustained proliferation, thereby playing 
a central role in driving tumor growth. Moreover, they 
contributed to the cancer cell ability to evade the normal 
mechanisms that would otherwise halt their relentless 
growth, thus ensuring replicative immortality. lncRNAs 
have also been implicated in promoting formation of the 
new blood vessels, a process known as angiogenesis, 
which is crucial for the nutrient supplied to the growing 
tumor. Additionally, they are closely linked to thwarting 
the programmed cell death or apoptosis, allowing cancer 
cells to persist and proliferate unchecked. Perhaps one of 
the most concerning hallmarks of cancer is metastasis, 
the spread of cancer cells to distant organs and tissues. 
lncRNAs have been identified as key facilitators in this 
perilous journey, aiding cancer cells in their escape 
from the primary tumor and enabling their successful 
establishment in new sites.

lncRNAs affect diverse signaling pathways in liver 
cancer cells to regulate their malignant behavior and 
promote tumorigenesis (14). Significantly, lncRNAs 
have a pivotal role in modulating the immune response, 
facilitating liver regeneration, and regulating redox 
signaling. These functions are of paramount importance 
in shaping the liver microenvironment and influencing the 
course of chronic liver diseases. When lncRNAs become 
dysregulated within these processes, it can trigger chronic 
hepatitis, abnormal liver growth, and oxidative stress, 
ultimately paving the way for the onset and advancement 
of hepatocellular carcinoma (HCC). Certainly, high-
throughput technologies like RNA-sequencing and 
microarrays have unveiled distinct expression profiles of 

lncRNAs in HCC tissues compared to noncancerous liver 
tissues. These findings strongly suggested that biogenesis 
of the specific lncRNAs underwent dysregulation during 
development of HCC. Aberrations in lncRNA biogenesis 
encompassed various processes, including the epigenetic 
silencing or activation of lncRNAs with tumor-
suppressive or promoting roles, transcriptional activation 
or repression of lncRNAs by specific oncogenic or tumor-
suppressive transcription factors, distinct processing 
patterns that imbue lncRNAs with oncogenic properties, 
and interactions between lncRNAs, microRNAs or 
proteins that have an impact on lncRNA stability.

lncRNA 91H exhibited expression patterns during 
embryonic development and it is typically suppressed after 
birth, except in the particular tissues, like the mammary 
gland and uterus. Imprinting modifications, leading to 
aberrant H19 expression, are associated with developmental 
disorders. lncRNA 91H is known for its tumor-promoting 
regulatory role in colorectal cancer (15). Overexpression of 
91H has been shown to be associated with the growth and 
metastasis of hepatocellular, in addition to affecting survival 
via positive regulation of IGF2 (16). Involvement of H19 in 
tumorigenesis has been extensively documented, with H19 
being consistently overexpressed in the various solid tumors 
such as prostate, bladder, and breast cancers. In fact, it has 
been demonstrated that H19 is overexpressed in 73% of the 
breast cancer tissues compared to the healthy tissues. This 
study aimed to investigate functional role of 91H in liver 
cancer. The results indicated that 91H acted as an oncogene 
in liver cancer and suggested its possible prognostic and 
therapeutic utility in the future.

Materials and Methods
Patient samples

The current experimental study involved a total of 25 
patients (15 male and 10 female, age range of 32-84 
years old) diagnosed with liver cancer after obtaining 
written informed consent. Tumor and adjacent non-tumor 
liver tissue samples (verified by hospital pathologists) 
were collected once the patients underwent surgery at 
the Shanxi Bethune Hospital, Taiyuan, China, but prior 
to the application of radiotherapy or chemotherapy. The 
tissues were snap-frozen in liquid nitrogen and stored at 
-80°C until use. Diagnosis of pathological and metastatic/
nonmetastatic stages was performed by three pathologists 
of the Shanxi Bethune Hospital, Taiyuan, China, who 
were blinded to the study. This study was approved by 
the Shanxi Bethune Hospital Ethics Committee (No. 
2022521).

Culture and transfection of cell lines
A normal liver epithelial cell line (THLE-3) and four 

liver tumor cell lines (CSQT-2, Hep3B, Huh-7, and PLC) 
were obtained from the Chinese Academy of Sciences 
(Shanghai, China). Dulbecco’s modified Eagle’s medium 
(DMEM, HyClone; GE Healthcare Life Sciences, USA) 
containing 10% fetal bovine serum (FBS, Thermo Fisher 
Scientific, USA) supplemented with 100 U/ml and 100 
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mg/ml concentrations of penicillin and streptomycin, 
respectively (both from Gibco Inc., USA), was used for 
the culture and maintenance of the cell lines at 37°C with 
5% CO2 in a humidified incubator.

Synthetic small-interfering si-91H (45 nM) and negative 
control si-NC (45 nM) oligos were acquired from 
GenePharma Co., Ltd (Shanghai, China). For transfection, 
the cells were cultured in six-well plates until reaching 
more than 80% confluence, at which point they were stably 
transfected with suitable oligos using Lipofectamine® 3,000 
reagent (Invitrogen, Thermo Fisher Scientific Inc., USA) 
according to the manufacturer’s guidelines. The cells were 
harvested 48 hours after transfection.

RNA isolation and quantitative reverse transcription 
polymerase chain reaction

Total RNA was extracted from the tissues and cell lines 
using TRIzol reagent (Thermo Fisher Scientific Inc., 
USA) according to the manufacturer’s protocol. Following 
quantification, using NanoDrop, RNA was reverse-
transcribed into cDNA using the RevertAid First Strand 
cDNA synthesis kit (Thermo Fisher Scientific Inc., USA). 
To detect relative transcript levels of 91H, quantitative 
reverse transcription PCR (qRT-PCR) was performed 
on a QuantStudio 5.0 Real-Time PCR System (Applied 
Biosystems, Thermo Fisher Scientific Inc., USA) using 
SYBRTM Green Master Mix (Thermo Fisher Scientific Inc., 
USA). Relative mRNA expression levels were quantified 
using 2-ΔΔCt method and normalized to that of β-actin. The 
primer sequences used were as follows:

91H-
F: 5′-GCTTGTCAGTAGAGTGCGCC-3′
R: 5′-CATCCAGTTGACCGAGCTTG-3′
β-actin-
F: 5′-CAAGATCATTGCTCCTCCTGA-3′
R: 5′-AGTCCGCCTAGAAGCATTTG-3′.

CCK-8 cell proliferation assay
Proliferation of the transfected cancer cells was 

determined using Cell counting kit-8 (CCK-8, Beyotime 
Inst. of Biotech., China) according to the manufacturer 
recommendations. Briefly, 2×105 cells were seeded per 
well in a 96-well plate. After culturing the cells for 0, 24, 
48, or 72 hour(s) at 37°C, 15 μl of CCK-8 reagent was 
added to each well, followed by incubation for 2 hours at 
37°C. Finally, the optical density (OD) at 450 nm (OD450) 
of each well was determined using a spectrophotometer 
and plotted to generate proliferation curve.

Migration and invasion assays
A 24-well BD Matrigel Transwell chamber (BD Biosciences, 

USA) coated with or without matrigel was used to analyze 
migration and invasion of the transfected cancer cells. Briefly, 
2×104  transfected cells were suspended in serum-free DMEM 
(Gibco, USA) and added to the upper part of the transwell 

chamber, whereas 500 µl of DMEM with 10% FBS was 
placed in the lower portion of the chamber. After 24 hours of 
incubation at 37°C, the non-migrating or invading cells were 
carefully removed with the help of cotton swabs, while those 
migrating or invading the lower part of the chamber were 
fixed with methanol (Thermo Scientific, USA) and stained 
with 0.1% crystal violet (Thermo Scientific, USA). Finally, 
the cells were visualized and counted manually under a light 
microscope (100×, Olympus, Japan).

Western blotting
To extract total proteins from the cells, we initiated the 

process by lysing the cells using the radioimmunoprecipitation 
assay (RIPA) lysis and extraction buffer (Thermo Fisher 
Scientific, USA), complemented with 1% protease inhibitors 
(Sigma-Aldrich, USA) to ensure integrity of the proteins 
during extraction. Following the lysis step, the cell lysates 
underwent centrifugation to separate cellular components. 
To quantify presence of the total proteins in the suspension, 
we employed Bradford’s assay, a widely-used method for 
protein concentration determination. This step allowed us to 
precisely measure protein content and ensure accuracy in our 
subsequent analyses.

For separation of proteins, we utilized a 12% sodium 
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). The separated proteins were then transferred onto 
polyvinylidene fluoride membranes (Millipore, USA). These 
membranes were subsequently blocked with 5% skimmed 
milk for 1.5 hours, serving as a means to prevent non-specific 
binding during the antibody incubation process. Membranes 
were probed with the specific primary antibodies like anti-
E-cadherin (Sigma-Aldrich, USA) anti-α-catenin, (Thermo 
Fisher Scientific, USA), anti-N-cadherin (Cell signaling 
technology, USA), anti-fibronectin (Abcam, USA) and anti-
GAPDH (Abcam, USA) overnight at 4°C. The membranes 
were then incubated with HRP-conjugated secondary 
antibody (Abcam, USA) and specific protein signals were 
detected using an Enhanced Chemiluminescence kit (Thermo 
Fisher Scientific, USA). The acquired signals were quantified 
with Image J software, and data normalization was achieved 
by utilizing GAPDH protein. 

Flow cytometry
Hep3B and Huh-7 cancer cells, transfected with si-91H 

or si-NC, were seeded into six-well plates at a density 
of 5×103 cells/well and cultured for 24 hours at 37°C. 
Afterward, the cells were collected by centrifugation, 
mixed with 0.025% Triton X-100, and treated with 50 
ng/ml-1 propidium iodide (PI, Thermo Fisher Scientific, 
Fisher) for 25 minutes. A FACSCalibur flow cytometer 
(BD Biosciences, USA) was used to study cell cycle of 
the transfected cells.

To study apoptosis, the transfected cells were analyzed 
using an Annexin V-FITC Apoptosis Detection Kit 
(Dojindo, China) at room temperature following the 
manufacturer’s instructions. Finally, a FACSCalibur flow 
cytometer (Becton Dickinson, San Jose, CA, USA) was 
used to assess apoptosis.
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Animal experiment description
A total of 20 male BALB/c nude mice, aged 6-8 weeks 

and weighting 18 ± 2 g, were procured from Shanxi 
Academy of Medical Sciences, China. The mice were 
divided randomly into two groups. In the first group, 
either Hep3B cells (2×106 cells/100 μl) or Huh-7 cells 
(2×106 cells/100 μl) were injected subcutaneously (100 
μl/mouse) to establish the tumor xenograft model. Each 
group consisted of 10 mice. Subsequently, each group 
was further divided randomly into two subgroups, each 
containing five mice.

For the purpose of gene silencing, lentivirus carrying a short 
hairpin RNA (shRNA) targeting lncRNA 91H (sh-lncRNA 
91H) were obtained from GenePharma company (China). The 
lentivirus had a titer of 108 TU/ml and it was administered at 
a dose of 20 μl per mouse. As a control, a negative control 
shRNA (sh-NC), provided by Invitrogen, was also injected. 
This treatment was carried out weekly for a total of three 
consecutive weeks. In conclusion of the 28-days period, all 
nude mice were humanely euthanized. The subcutaneous 
tumors were then removed, photographed, and weighed for 
further analysis. All of the experimental procedures adhered 
to the established guidelines and received approval from 
the Ethics Committee of Third Hospital of Shanxi Medical 
University.

Statistical analysis
Graphpad prism 7.0 (GraphPad Software, Inc., 

San Diego, CA, USA) offline software was used for 
performing the statistical analysis. The experiments were 
performed using three replicates and the values given are 
the representative of mean ± standard deviation. Student’s 
t test (unpaired, two-tailed) was performed for analyzing 
the differences between two treatments and P<0.05 
difference was considered statistically significant.

Results
91H is overexpressed in liver cancer

qRT-PCR was performed to analyze expression of 
lncRNA 91H in liver cancer and normal adjacent tissues. 
The results showed that 91H expression level was 
significantly higher (P<0.05) in the liver cancer samples 
than the normal tissue samples (Fig.1A). Interestingly, 
metastatic liver cancer tissues showed markedly higher 
(P<0.05) transcript levels of 91H than the matched 
nonmetastatic cancer tissues (Fig.1B). Moreover, 91H 
expression level was significantly lower (P<0.05) in 
tumor tissues corresponding to the stages I and II than 
that in the stages III and IV of liver cancer (Fig.1C). 
Expression analysis was also performed in liver cancer 
cell lines (CSQT-2, Hep3B, Huh-7 and PLC) using 
THLE-3 and normal liver epithelial cells, as a reference. 
The cancer cell lines showed significant overexpression 
(P<0.05) of 91H compared to the normal liver epithelial 
cells (Fig.1D). The Hep3B and Huh-7 cancer cell lines 
were shown to express comparatively higher 91H levels 
among the cancer cell lines, chosen for further studies.

Knockdown of 91H inhibited growth of liver cancer cells
To characterize functional role of 91H in liver cancer, 

Hep3B and Huh-7 cancer cells were transfected with si-
91H to induce 91H knockdown. Using si-NC-transfected 
cancer cells as a negative control, 91H expressions were 
downregulated 6.5 and 7.2-fold in si-91H transfected 
Hep3B and Huh-7 cancer cells, respectively (Fig.2A). 
Relative proliferation of the 91H downregulating liver 
cancer cells was studied with respect to the corresponding 
negative control cells using the CCK-8 assay. Both 
Hep3B and Huh-7 cancer cells with downregulated 91H 
showed significantly lower (P<0.05) proliferation than 
the respective negative control cells (Fig.2B, C). 

Fig.1: Expression analysis of lncRNA 91H in liver cancer tissues and cell lines. A. Comparison of lncRNA 91H expression levels between liver cancer 
tissues and normal adjacent tissues. Liver cancer tissues exhibited significantly higher expression of 91H compared to normal tissues. B. Analysis of 91H 
expression in metastatic and nonmetastatic liver cancer tissues. Metastatic liver cancer tissues showed markedly higher expression of 91H compared to 
nonmetastatic tissues. C. Assessment of 91H expression in different stages of liver cancer. Tumor tissues corresponding to stage III and IV liver cancer 
exhibited significantly higher expression of 91H compared to stage I and II tissues. D. Evaluation of 91H expression in liver cancer cell lines (CSQT-2, Hep3B, 
Huh-7, and PLC) compared to THLE-3 normal liver epithelial cells. The cancer cell lines showed significant overexpression of 91H compared to normal liver 
epithelial cells. Hep3B and Huh-7 cell lines were selected for further study due to their comparatively higher levels of 91H expression. *; P<0.05.
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Knockdown of 91H inhibited migration and invasion 
of liver cancer cells

Transwell assay results demonstrated that knockdown 
of 91H in the both Hep3B and Huh-7 cells significantly 
inhibited their migration and invasion abilities, compared 
to the respective negative control cells. In the invasion 

assay, knockdown of 91H led to a significant decrease 
in the number of invasive cells compared to the negative 
control group in both cell lines (P<0.05, Fig.3A, B). 
Similarly, in the migration assay, number of the migratory 
cells was dramatically reduced in the 91H knockdown 
group compared to that in the negative control group for 
the both Hep3B and Huh-7 cells (P<0.05, Fig.3C, D).

Fig.2: Functional characterization of lncRNA 91H knockdown in liver cancer cells. A. Efficiency of lncRNA 91H knock-down in Hep3B and Huh-7 cancer 
cells. Transfection of si-91H oligos led to a significant downregulation of 91H expression in both Hep3B and Huh-7 cells compared to si-NC-transfected 
cells, with a fold change of 6.5 and 7.2, respectively. Relative proliferation of liver cancer cells after knockdown of 91H. CCK-8 assays demonstrated that B. 
Hep3B and C. Huh-7 cells with downregulated 91H exhibited significantly lower proliferation compared to the respective negative control cells. *; P<0.05 
and h; Hours.

Fig.3: Migration and invasion assay results upon 91H knockdown in Hep3B and Huh-7 cancer cells. A, B. Representative images of invasion assays 
indicating the impact of 91H knockdown on Hep3B and Huh-7 cell invasion. 91H downregulation led to a significant decrease in cell invasion compared 
to the negative control cells (*; P<0.05). C, D. Representative images of migration assays showing the effect of 91H knockdown on Hep3B and Huh-7 cell 
migration. Knockdown of 91H resulted in a marked reduction in cell migration compared to the negative control cells (*; P<0.05, scale bar: 50 µm).
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Knockdown of 91H weakened the epithelial to 
mesenchymal transition of liver cancer cells

Our results demonstrated that 91H knockdown in the 
both Hep3B and Huh-7 cells had a significant impact on 
the expression of epithelial-to-mesenchymal transition 
(EMT)-related marker proteins. Downregulation of 
91H in Hep3B and Huh-7 cancer cells significantly 
enhanced (P<0.05) expression of epithelial marker 
proteins (E-cadherin and α-catenin), while it significantly 
suppressed (P<0.05) the intracellular protein levels of 
mesenchymal markers (N-cadherin and fibronectin), 
indicating the inhibitory effect of 91H silencing on the 
EMT of liver cancer cells (Fig.4A-E).

91H silencing induced cell cycle arrest and apoptosis in 
the host liver cancer cells

To determine mechanism underlying the inhibitory 

effects of 91H silencing on the growth, migration, 
invasion and EMT of liver cancer cells, cell cycle and 
apoptosis of the Hep3B and Huh-7 cancer cells with 
downregulated 91H levels were studied with reference 
to the respective negative control cells, using flow 
cytometry. The results showed that knockdown of 
91H significantly increased relative percentage of 
the both Hep3B and Huh-7 cancer cells at the G0/
G1 transition phase (P<0.05), while it significantly 
decreased (P<0.05) relative percentage of the host 
cells in the S-phase, indicative of G0/G1 cell cycle 
arrest (Fig.5A, B). Furthermore, relative percentage 
of apoptotic Hep3B and Huh-7 cancer cells was 
significantly increased by 91H silencing (Fig.5C, D). 
The results revealed that knockdown of 91H induced 
cell cycle arrest and promoted apoptosis to exert 
tumor-suppressive effects against liver cancer cells.

Fig.4: Western blot analysis of epithelial and mesenchymal markers in 91H downregulating Hep3B and Huh-7 cells. A. Representative Western blot 
images showing the protein levels of epithelial markers (E-cadherin and α-catenin) and mesenchymal markers (N-cadherin and fibronectin) in Hep3B and 
Huh-7 cells with 91H knockdown. Silencing of 91H increased the protein levels of epithelial markers and decreased the levels of mesenchymal markers, 
suggesting inhibition of the epithelial-to-mesenchymal transition (EMT) in liver cancer cells. B. Densitometry analysis of the Western blot for E-cadherin 
in Hep3B and Huh-7 cells. The protein level of E-cadherin significantly increased upon 91H knockdown compared to the negative control cells (P<0.05). 
C. Densitometry analysis of the Western blot for α-catenin in Hep3B and Huh-7 cells. The protein level of α-catenin significantly increased upon 91H 
knockdown compared to the negative control cells. D. Densitometry analysis of the Western blot for N-cadherin in Hep3B and Huh-7 cells. The protein 
level of N-cadherin significantly decreased upon 91H knockdown compared to the negative control cells. E. Densitometry analysis of the Western blot 
for fibronectin in Hep3B and Huh-7 cells. The protein level of fibronectin significantly decreased upon 91H knockdown compared to the negative control 
cells. *; P<0.05.

EC D

A B



Cell J, Vol 25, No 12, December 2023835

Mo and Wang

Fig.5: Effects of lncRNA 91H knockdown on cell cycle progression and apoptosis in Hep3B and Huh-7 cancer cells. A. Cell cycle analysis of Hep3B cells after 
91H knockdown. Flow cytometry revealed a significant increase in the relative percentage of cells at the G0/G1 phase and a decrease in the percentage 
of cells at the S-phase, indicating G0/G1 cell cycle arrest in 91H downregulating cells compared to the negative control cells. B. Cell cycle analysis of Huh-
7 cells after 91H knockdown. Flow cytometry revealed increase in the relative percentage of cells at the G0/G1 phase and a decrease in the percentage 
of cells at the S-phase, indicating G0/G1 cell cycle arrest in 91H downregulating cells compared to the negative control cells. C. Representative flow 
cytometry plots illustrating the apoptotic populations in Hep3B cells after 91H knockdown. Annexin V-FITC/PI staining was used to detect apoptotic cells. 
The relative percentage of apoptotic cells significantly increased in 91H downregulating cells compared to the negative control cells. D. Representative 
flow cytometry plots illustrating the apoptotic/necrotic populations in Huh-7 cells after 91H knockdown. Annexin V-FITC/PI staining was used to detect 
apoptotic/necrotic cells. The relative percentage of necrotic cells increased in 91H downregulating cells compared to the negative control cells.
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Inhibition of liver cancer growth in vivo by silencing 
lncRNA 91H

To thoroughly investigate impact of lncRNA 91H on 
liver cancer growth in a live organism context, we utilized 
nude mouse models, as a platform for our study. In these 
models, we meticulously measured volume and weight 
of the formed tumors. Through the implementation of 
shRNA targeted at lncRNA 91H, we observed a substantial 
hindrance in tumor development. This intervention led 
to a remarkable reduction in the both tumor volume and 
weight, a trend that became evident starting from the 10th 

day post-treatment in the case of the tumor xenograft 

mice injected with Hep3B cells, as compared to the mice 
treated with sh-NC.

Similarly, in the xenograft mice injected with Huh-
7 cells, suppression of lncRNA 91H through shRNA 
yielded parallel results. Following the 10th day of 
treatment, a discernible decrease in tumor volume and 
weight was observed, further highlighting the influence 
of lncRNA 91H silencing on curbing tumor growth 
compared to the sh-NC-treated mice. This experimental 
insight underscored the significant role of lncRNA 91H in 
promoting liver cancer growth in vivo and supported the 
potential therapeutic avenue of targeting this molecule to 
impede tumor progression (Fig.6).

Fig.6: Inhibition of growth by silencing lncRNA 91H. Nude mouse models were utilized to explore the effects of silencing lncRNA 91H on growth. Hep3B 
cells or Huh-7 cells were subcutaneously injected, followed by treatment with either sh-NC or sh-lncRNA 91H. The subcutaneous tumor volume and tumor 
weight of A. Hep3B cells mouse model and B. Huh-7 cells mouse model were plotted. *; P<0.05 and **; P<0.01.
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Discussion
In the recent years, there has been an exponential 

surge in research centered on lncRNAs. The growing 
body of evidence suggested that lncRNAs exerted a 
profound influence on various facets of animal cell 
biology, orchestrating critical processes like cell 
proliferation, differentiation and apoptosis (17, 18). 
Perturbed expression of lncRNAs has been closely 
associated with development and advancement of human 
cancers, including liver cancer (12, 13). These lncRNAs 
can function as either oncogenes or tumor suppressors, 
actively shaping the course of liver cancer tumorigenesis 
(19, 20). Investigation of the specific regulatory targets of 
lncRNAs in liver cancer holds the promise of enhancing 
our understanding of the disease pathogenesis, potentially 
paving the way for more effective therapeutic strategies 
against this formidable malignancy.

Previous reports have indicated that ncRNA 91H 
was upregulated in the various human cancers, with 
hepatocellular carcinoma, the most prevalent form of 
liver cancer, being no exception. Furthermore, this 
upregulation has been linked to the promotion of cancer 
growth and progression (15, 16). The present study 
contributes further insight into the functional role of 91H 
in liver cancer.

Our study revealed that both liver cancer tissues and 
cells exhibited significantly elevated levels of 91H 
expression. Importantly, this expression was found to 
be increased in parallel with the progression of liver 
cancer and establishment of metastatic lesions. These 
findings lent support to the prognostic potential of 91H 
and suggested that it may serve as a predictive marker 
for liver cancer survival, as previously reported (16, 21). 
Notably, knockdown of 91H in liver cancer cells resulted 
in a substantial reduction in their growth, migration 
and invasion, underscoring its direct involvement in 
modulating the aggressiveness and malignant behavior of 
these cancer cells (22).

An analysis of the expression of EMT molecular markers 
unveiled that downregulation of 91H inhibited EMT in 
liver cancer cells in vitro. EMT is a dynamic cellular 
process characterized by cytoskeletal rearrangements that 
underlie transition from an epithelial to a mesenchymal 
phenotype, enhancing cell motility and, consequently, 
promoting migration and invasion (23). EMT in 
cancer cells is characterized by distinct features and 
plays a pivotal role in fostering characteristics such as 
stemness, drug resistance and metastasis (24). Therefore, 
suppression of cancer cell EMT due to 91H knockdown 
hints at the therapeutic potential of targeting 91H in the 
context of liver cancer.

Furthermore, our study revealed that inhibition of 91H 
resulted in cell cycle arrest and induction of apoptosis in 
liver cancer cells. Similar findings have been reported in 
relation to silencing H19 (the sense RNA of 91H) in breast 
cancer cells (25). In summation, this study established 
that H19, an lncRNA, was upregulated in the both liver 

cancer tissues and cell lines and it may represent one 
of the underlying molecular factors propelling growth, 
progression, and metastasis of liver cancer.

In our quest to unveil the oncogenic role of lncRNA 
91H in liver cancer and its implications for proliferation, 
migration, invasion, EMT and in vivo tumor growth, it is 
essential to consider the potential molecular mechanisms 
underlying these effects. While this study primarily 
focused on the functional outcomes of 91H dysregulation, 
it is plausible that specific pathways and molecular 
interactions are at play. One key avenue for investigation 
involves the potential targets of lncRNA 91H. Identifying 
downstream genes or proteins regulated by 91H may shed 
light on its influence on cell proliferation, as well as its 
role in promoting metastasis and EMT. For instance, prior 
studies demonstrated modulation of the key EMT-related 
genes by lncRNAs, and it would be valuable to explore 
whether 91H similarly impacts these genes in liver cancer 
cells. Moreover, examining the interaction between 91H 
and other non-coding RNAs or proteins is of interest. It 
is conceivable that 91H may act in concert with other 
molecules to drive its oncogenic effects. Elucidating 
these interactions can provide insights into the complex 
regulatory networks that underlie liver cancer progression. 
The study observation of cell cycle arrest and apoptosis 
induction following 91H knockdown suggests potential 
involvement in cell cycle regulation and anti-apoptotic 
pathways. Investigating these pathways, including 
cyclins, cyclin-dependent kinases and anti-apoptotic 
proteins, may provide mechanistic insights into how 91H 
influences cell proliferation and survival. Furthermore, a 
deeper exploration of signal transduction pathways, such 
as PI3K/AKT and MAPK/ERK, which are known to play 
crucial roles in cancer progression, could reveal whether 
91H is connected to these pathways. It is possible that 91H 
indirectly influences these signaling cascades, impacting 
cell migration, invasion and EMT in liver cancer.

Limitations of this study include the exclusive reliance 
on in vitro experiments, the study limited clinical sample 
size, omission of the exploration of potential variations in 
91H expression among different populations, absence of 
long-term patient follow-up, and need for further research 
to understand 91H molecular mechanisms and translate 
findings into clinical therapies. Additionally, the study 
exclusive focus on 91H does not consider other lncRNAs 
implicated in liver cancer, warranting further comparative 
research.

Conclusion
The lncRNA 91H was significantly upregulated in liver 

cancer and its expression was increased with disease 
progression and metastasis. Silencing 91H expression 
in liver cancer cells inhibited their growth, migration, 
invasion and EMT in vitro. These inhibitory effects were 
deduced to result from induction of cell cycle arrest and 
apoptosis in liver cancer cells. Future investigations should 
prioritize gaining a deeper understanding of its underlying 
mechanisms, validate its clinical relevance through larger 
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patient cohorts and trials, develop therapeutic strategies, 
explore combination therapies, incorporate it into broader 
biomarker panels, utilize in vivo models and conduct 
long-term patient follow-up studies. These avenues hold 
promise for advancing liver cancer research and improving 
clinical outcomes.
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Abstract
Objective: Non-small cell lung cancer (NSCLC) stands as a prominent contributor to cancer-related fatalities on a 
global scale, necessitating the search for novel therapeutic agents. SP-8356, a derivative of (1S)-(–)-verbenone, has 
shown promise as an anticancer agent in preclinical studies. However, specific mechanisms underlying its effects in 
NSCLC remain to be elucidated. The aim of this research was to explore the in vitro anti-NSCLC effects of SP-8356, 
elucidate its mechanisms of action, and assess its efficacy in inhibiting tumor formation in a murine model.  
Materials and Methods: In this experimental study, NSCLC cell lines were treated with various concentrations of SP-
8356. Cell viability and proliferation were assessed using MTT and colony formation assays, respectively. Cell cycle 
distribution was analyzed by flow cytometry, and apoptosis was evaluated by determining apoptotic protein expression. 
Western blot analysis was conducted to assess protein expression levels of the both p53 and MDM2. Additionally, we 
evaluated efficacy of the SP-8356 in inhibiting tumor formation of the nude mouse model. 
Results: SP-8356 demonstrated a concentration-dependent inhibition of cell proliferation in the NSCLC cell lines. Flow 
cytometric analysis showed that SP-8356 led to cell cycle arrest at the G2/M phase, indicating its potential influence 
on regulating the cell cycle. SP-8356 treatment was associated with the downregulation of CDK1 and Cyclin B1. 
Additionally, SP-8356 significantly enhanced apoptosis in NSCLC cells. SP-8356 treatment was associated with the 
downregulation of Bcl-2, while Bax expression was upregulated. Mechanistically, SP-8356 led to accumulation of the 
p53 protein levels within the NSCLC cells. This accumulation was mediated through inhibition of its negative regulator, 
MDM2. Using a nude mouse model demonstrated that SP-8356 effectively inhibited tumor formation in vivo.  
Conclusion: Our findings shed light on the molecular mechanisms underlying anticancer activity of SP-8356 and 
highlight its potential as a promising therapeutic candidate for NSCLC treatment.
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Introduction

Lung cancer is a leading cause of tumor-related deaths in 
both men and women (1). Standard treatments like surgery, 
chemotherapy, and radiotherapy have revolutionized lung 
cancer treatment (2). Pulmonary neoplasms are broadly 
divided into non-small cell lung cancer (NSCLC) and 
small cell cancers; the former represents 80% of all lung 
cancer cases (3). NSCLC is associated with aberrant 
protein expression, resulting in extensive proliferation and 
malignancy (4). A great need has emerged to look for the 
molecular mechanism related to the NSCLC pathogenesis 
to improve disease outcomes. 

p53 is a tumor suppressor protein, frequently mutated 
or inactivated in many types of cancer, including NSCLC 
(5). In NSCLC, p53 mutations are found in approximately 
50% of cases, while the majority of mutations occurring 

in the DNA binding domain of the protein (6). These 
mutations can result in the loss of p53 function, leading to 
accumulation of the DNA damage and promotion of tumor 
growth and metastasis. In addition to mutations, other 
mechanisms can also contribute to the inactivation of p53 
in NSCLC, such as increased expression of its negative 
regulator MDM2, which targets p53 for degradation, or 
alterations in other proteins that regulate p53 activity (7). 
Loss of p53 function in NSCLC has been associated with 
a poorer prognosis as well as resistance to chemotherapy 
and radiation therapy. Therefore, understanding the 
mechanisms that regulate p53 in NSCLC and developing 
strategies to restore its function may have important 
implications for the treatment of this disease.

Natural compounds and their derivatives have become 
a significant area of interest in drug discovery, due to 
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their diverse pharmacological properties and potential 
therapeutic applications (8). Among these compounds, 
(1S)-(–)-verbenone, a naturally occurring monoterpene 
found in essential oils of various plant species, has been 
shown to cause promising bioactivities (9). As a result, 
researchers have synthesized and investigated derivatives 
of (1S)-(–)-verbenone to enhance its properties and 
develop novel therapeutic agents (10).

One such derivative is SP-8356, which has garnered 
attention for its potential pharmacological effects in 
various areas, including cancer research (11). The unique 
chemical structure and biological activities of SP-8356 
have led to investigating its potential, as an anticancer 
agent. Preclinical studies have shown encouraging results, 
indicating that SP-8356 may exhibit significant anticancer 
properties by targeting specific molecular pathways 
involved in tumorigenesis (12). The present study was 
formulated with the aim of exploring role of SP-8356 with 
respect to the p53 protein in NSCLC cells.

Materials and Methods
Cell culture 

In this experimental study, human NSCLC cells 
(NCI-H460 and A549) and normal human fetal lung 
fibroblast cell line (MRC-5) were purchased from the Type 
Culture Collection of the Chinese Academy of Sciences 
(Shanghai, China). The cells were cultured in appropriate 
growth media supplemented with 10% fetal bovine 
serum (FBS, Sigma-Aldrich, USA) and 1% penicillin-
streptomycin (Thermo Scientific, USA). The cells were 
cultured in a humidified incubator at 37°C with 5% CO2.

Chemicals and reagents 
SP-8356, a derivative of (1S)-(–)-verbenone, was 

synthesized using the previously established methods 
(13). Stock solutions of SP-8356 were prepared in 
dimethyl sulfoxide (DMSO) at appropriate concentrations 
and stored at -20°C.

Cell viability assay (MTT assay) 
To assess cell proliferation, NSCLC cells were seeded 

into 96-well plates at a density of 5000 cells per well and 
allowed to adhere overnight. The cells were then treated 
with various concentrations of SP-8356 (5 µM, 10 µM, 15 
µM and 20 µM) or vehicle control (DMSO) for 24 hours. 
Following the specified length of treatment duration, 
the culture medium was substituted with fresh media 
containing 0.5 mg/ml of MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) and then incubated 
for an additional 4 hours at 37°C. DMSO was used to 
dissolve formazan crystals, and the absorbance was 
determined at 570 nm using a microplate reader.

Colony formation assay 
NSCLC cells were plated in 6-well dishes at a sparse 

density of 200 cells per well and permitted to attach 

overnight. Subsequently, the cells were exposed to a 
range of SP-8356 concentrations (5 µM, 10 µM, 15 µM 
and 20 µM) or vehicle control (DMSO) for 24 hours. 
Following the treatment, the existing culture medium was 
substituted with fresh complete growth media, and the 
cells were incubated for 14 days to facilitate formation 
of colonies. The colonies were fixed using methanol and 
then stained with crystal violet. Count of colonies was 
conducted manually.

Cell cycle analysis 
To explore impact of SP-8356 on the cell cycle, NSCLC 

cells were exposed to SP-8356 (15 µM) for 24 hours. 
Following the treatment, the cells were collected, rinsed 
with phosphate-buffered saline (PBS), fixed in ice-cold 
70% ethanol, and preserved at -20°C. Before analysis, 
the fixed cells were washed with PBS, treated with 50 µl 
RNase A (from 100 µg/ml stock solution, Sigma-Aldrich, 
USA), and stained with 200 µl propidium iodide (PI; 
from 50 µg/ml stock solution, Sigma-Aldrich, USA). A 
FACS Calibur flow cytometer (BD Biosciences, USA) 
was used to carry out flow cytometric analysis to ascertain 
distribution of the cell cycle. BD CellQuest Pro-Software 
was used for analyzing the results.

Western blotting
To examine the protein expression levels, NSCLC cells 

were treated with treated with various concentrations of 
SP-8356 (5 µM, 10 µM, 15 µM and 20 µM) or vehicle 
control (DMSO) for 24 hours. Following treatment, the 
cells were lysed using RIPA buffer supplemented with 
1X protease (Sigma-Aldrich, USA) and phosphatase 
inhibitors (prepared from 100X protease/phosphatase 
inhibitor cocktail; Sigma-Aldrich, USA). Total protein 
concentration was quantified utilizing a protein assay 
kit (Pierce™ BCA Protein Assay Kit; Thermo Scientific, 
USA). Equivalent quantities of protein were segregated 
through 12% sodium dodecyl sulphate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and subsequently 
transferred onto a polyvinylidene fluoride (PVDF) 
membrane. The membrane was blocked and probed with 
primary antibodies against anti-CDK1 (ab133327, abcam, 
USA, 1:1000 dilution), anti-Cyclin B1 (ab32053, abcam, 
USA; 1:800 dilution), anti-Bax (ab216494, abcam, USA; 
1:1000 dilution), anti-Bcl-2 (ab59348, abcam, USA; 
1:1000 dilution), anti-p53 (ab131442, abcam, USA; 
1:1000 dilution), anti-MDM2 (ab16895, abcam, USA; 
1:1000 dilution), and anti-GAPDH (ab8245, abcam, 
USA; 1:1000 dilution). After rinsing with TBST buffer, 
the membranes were exposed to peroxidase-conjugated 
anti-rabbit secondary antibodies (diluted at 1:5000; 
Hangzhou Multi Sciences [Lianke] Biotech Co., China) 
at room temperature. Protein signals were detected using 
an enhanced chemiluminescence (ECL) technique.

Experimental animals

Fifteen male athymic BALB/c nude mice, aged 5-6 
weeks, were accommodated in regular cages maintained 
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at 25°C with a 12-hours light and 12-hours dark cycle. All 
animal procedures were performed following the protocol 
approved by People’s Hospital of Chongqing Liang jiang 
New Area (Chongqing, China, PHCL/1231.101). The 
mice were provided with a standard pellet diet and ad 
libitum access to water. They were randomly divided into 
three groups, each containing five animals:

Group I: control mice were received an intravenous 
injection of isotonic saline (25 ml/kg body weight) along 
with subcutaneous injection of 2×106 A549 cells on one 
side of the posterior flank.

Group II: nude mice were subcutaneously injected with 
2×106 A549 cells on one side of the posterior flank, along 
with an oral low-dose treatment of 10 µM/kg body weight 
of SP-8356.

Group III: mice were subcutaneously injected with 
2×106 A549 cells on one side of the posterior flank, along 
with an oral high-dose treatment of 10 mg/kg body weight 
of SP-8356.

At the conclusion of the experimental period on day 
19, the mice were anesthetized with ketamine (30 mg/
kg body weight) and then euthanized. The tumor tissue 
was excised, washed with saline, and dried, and its 
weight was measured. Tumor homogenates (10%) were 
prepared using a 0.1 M Tris HCl buffer (pH=7.4) and a 
homogenizer.

To evaluate impact of SP-8356 on tumor cell growth, 
dimension and weight of the tumors were measured in the 
mice carrying tumors. Tumor size was calculated using 
the formula (L×S2)×0.5, where L represented the greatest 
diameter and S represented the shortest diameter of the 
tumor. Weight of the tumors was determined by weighing 
the moist tumor tissue.

Statistical analysis 
Data from triplicate or quadruplicate experiments were 

expressed as mean ± standard deviation (SD). Statistical 
significance was determined using appropriate statistical 
tests, such as Student’s t test or one-way analysis of 
variance (ANOVA), followed by post hoc comparisons. 
P<0.05 were regarded as statistically significant.

Results 
SP-8356 significantly curbed NSCLC cell viability and 
proliferation

The MTT cell viability assay revealed a notable dose-
dependent reduction in cell viability upon treatment with 
increasing concentrations of SP-8356. The IC50 values for 
A549 and NCI-H460 NSCLC cells were found to be 15 
µM (Fig.1A).

Furthermore, the inhibitory effect of SP-8356 on cell 
proliferation was confirmed through a colony formation 
assay. Treatment with SP-8356 resulted in a significant 
decrease in the number of colonies formed by NSCLC 
cells compared to the control group. The concentration-
dependent response demonstrated the ability of SP-8356 
to impede the clonogenic potential of NSCLC cells 
(Fig.1B).

These results collectively highlight the robust inhibitory 
effects of SP-8356 on the both NSCLC cell viability 
and proliferation. The findings suggested that SP-
8356 was held as a promising therapeutic candidate for 
combating NSCLC by targeting cell growth and survival 
pathways. Further investigations are warranted to explore 
its mechanism of action and potential translational 
applications for NSCLC treatment.

Fig.1: SP-8356 suppresses cell viability and proliferation in NSCLC cells. A. MTT cell viability assay illustrates a decline in cell viability that is directly 
proportional to the rising concentrations of SP-8356, indicating a dose-dependent effect. Treatment with SP-8356 significantly decrease cell viability in 
NCI-H460 and A549 NSCLC cells compared to MRC-5 cells (control fibroblasts). B. Colony formation assay confirms the inhibitory effect of SP-8356 on 
cell proliferation in NSCLC cells. SP-8356 treatment significantly decrease number of colonies formed by NSCLC cells compared to the control group. The 
concentration-dependent response highlights the ability of SP-8356 to impede the clonogenic potential of NSCLC cells. The experiments were conducted 
in triplicate and replicated three times. *; P<0.05 and NSCLC; Non-small cell lung cancer.
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SP-8356 regulated G2/M transition 
SP-8356 treatment significantly altered the cell cycle 

progression in NSCLC cells. Flow cytometric analysis 
demonstrated a rise in the proportion of cells arrested 
at the G2/M phase, following the SP-8356 treatment 
in the A549 cells compared to control (Fig.2A, B) and 
similar results were obtained in NCI-H460 NSCLC cells 
(Fig.2C, D). Conversely, a significant reduction in the 
G1 and S phase populations was observed in response 
to SP-8356 treatment. These findings suggested that 
SP-8356 triggered G2/M cell cycle arrest in NSCLC 
cells, implying its potential role in regulating the G2/M 
transition. These findings collectively suggested that SP-
8356 was involved in the regulation of G2/M cell cycle 
transition in NSCLC cells. 

SP-8356 regulated cell cycle and apoptotic associated 
protein levels

Western blot analysis was performed to evaluate effects 

of SP-8356 on cell cycle protein levels in NSCLC cells. 
Treatment with SP-8356 resulted in notable changes in 
the expression levels of proteins associated with cell 
cycle regulation. More specifically, there was a decrease 
in the expression of CDK1, cyclin B1, and Bcl-2, coupled 
with an increase in Bax expression observed in the both 
NCI-H460 (Fig.3A) and A549 (Fig.3B) cell lines. Figure 
3C shows densitmety analysis of Figure 3A while as 
Figure 3D shows densitmety analysis of Figure 3B.

SP-8356 upregulated p53 levels

Treatment with SP-8356 led to a significant upregulation 
of p53 protein levels in NSCLC cells. Western blot 
analysis unveiled a significant elevation in p53 expression 
following SP-8356 treatment in comparison with the 
control group. Upregulation of p53 was observed in the 
both A549 and NCI-H460 NSCLC cell lines, indicating 
a consistent effect of SP-8356 on p53 levels in different 
cellular contexts (Fig.4).

Fig.2: SP-8356 regulates G2/M transition in NSCLC cells. Flow cytometric analysis of cell cycle distribution in NSCLC cells treated with SP-8356. A. Untreated 
NCI-H460 cells, B. NCI-H460 cells treated with SP-8356, C. Untreated A549 cells, D. A549 cells treated with SP-8356. SP-8356 treatment resulted in a 
notable increase in the percentage of cells arrested in the G2/M phase, as shown by the shift in the cell population towards G2/M in NCI-H460 and A549, 
compared to respective controls. Conversely, there was a notable decrease in the G1 and S phase populations in response to SP-8356 treatment. NSCLC; 
Non-small cell lung cancer.
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Fig.3: SP-8356 modulates protein levels associated with the cell cycle and apoptosis in NSCLC cells. A. Western blot analysis of cell cycle and apoptotic-
associated protein levels in NCI-H460 cells treated with SP-8356. B. Western blot analysis of cell cycle and apoptotic-associated protein levels in A549 cells 
treated with SP-8356. Treatment with SP-8356 resulted in notable changes in the expression levels of cell cycle and apoptosis proteins. C. Quantitative 
analysis of western blot “A” using densitometry. D. Quantitative analysis of western blot “B” using densitometry. The experiments were conducted in 
triplicate and replicated three times. *; P<0.05, **; P<0.001, and NSCLC; Non-small cell lung cancer.

Fig.4: SP-8356 upregulates p53 levels in NSCLC cells. A. Expression analysis of p53 protein levels in NCI-H460 cells treated with SP-8356. B. Expression 
analysis of p53 protein levels in A549 cells treated with SP-8356. C. Quantitative analysis of western blot “A” using densitometry. D. Quantitative analysis 
of western blot “B” using densitometry. The experiments were conducted in triplicate and replicated three times. *; P<0.05, **; P<0.001, and NSCLC; 
Non-small cell lung cancer.
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SP-8356 acted on p53 through MDM2
To understand the mechanism by which SP-8356 

upregulated p53 levels, we investigated its impact on 
MDM2, a key negative regulator of p53. Western blot 
analysis revealed that treatment with SP-8356 led to 
a significant reduction in MDM2 protein expression 
in NSCLC cells. This downregulation of MDM2 was 
observed in the both A549 and NCI-H460 NSCLC cell 
lines (Fig.5).

These findings indicated that SP-8356 acted on p53 
through MDM2, inhibiting function of MDM2 and thereby 
preventing p53 degradation. As a consequence, p53 
protein level was increased, leading to its activation and 
subsequent induction of downstream cellular responses, 
including cell cycle arrest and apoptosis.

Influence of SP-8356 on tumor size and weight
Impact of SP-8356 on tumor growth inhibition was 

evaluated by weighing and measuring tumor size. The 
results presented in Figure 6A, B clearly demonstrated 
a notable reduction in tumor size of the both low-dose 
and high-dose SP-8356-treated groups, compared to the 
control group.

Furthermore, the high-dose SP-8356-treated group 
exhibited more significant decrease in tumor size than 
the low-dose-treated group. Similarly, when examining 
tumor weight (Fig.1B), both of the low-dose and high-
dose SP-8356-treated groups displayed the marked 
reductions compared to the control group.

Moreover, the high-dose SP-8356-treated group 
demonstrated a significant decrease in tumor weight 
compared to the low-dose-treated group. These 
findings suggested that SP-8356 administration 
effectively inhibited tumor growth, with higher doses 
leading to more pronounced effects on the both tumor 
size and weight.

Fig.5: SP-8356 acts on p53 through MDM2. A. Expression analysis of MDM2 protein levels in NCI-H460 cells treated with SP-8356. B. Expression analysis 
of MDM2 protein levels in A549 cells treated with SP-8356. C. Quantitative analysis of western blot “A” using densitometry. D. Quantitative analysis of 
western blot “B” using densitometry. The experiments were conducted in triplicate and replicated three times. *; P<0.05 and **; P<0.001.
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Fig.6: Effect of SP-8356 on tumor volume and tumor weight. A. The graph 
depicts the impact of SP-8356 treatment on tumor volume. Both of the 
low-dose (10 µM) and high-dose (20 µM) SP-8356-treated groups (groups 
II and III, respectively) show a significant decrease in tumor volume 
compared to the control group (group I). B. The bar chart illustrates effect 
of SP-8356 on tumor weight. In the both of low-dose and high-dose SP-
8356-treated groups (groups II and III, respectively), tumor weight is 
markedly decreased compared to the control group (group I). *; P<0.01, 
when compared to the group I, while as #; P<0.05, when compared to the 
group II.

Discussion
NSCLC stands as one of the most prevalent and 

formidable malignancies globally, accounting for a 
substantial proportion of cancer-related deaths (14). 
Despite the significant advancements in therapeutic 
strategies, management of NSCLC remains challenging, 
necessitating exploration of novel and effective therapeutic 

agents (15, 16). In this context, SP-8356, a derivative 
of (1S)-(–)-verbenone, has emerged as a promising 
candidate for potential anti-cancer activity in NSCLC 
cells. The present study investigated anticancer properties 
of the SP-8356 in NSCLC cells. Our results demonstrated 
that SP-8356 significantly suppressed cell viability 
and proliferation in NSCLC cells in a dose-dependent 
manner, as evidenced by the MTT cell viability assay and 
colony formation assay, without affecting MRC-5 cells. 
MRC-5 cells are a type of normal human lung fibroblast 
cells, often used in research as a representative of non-
cancerous, healthy cells. SP-8356 appeared to selectively 
affect NSCLC cancer cells, specifically without impacting 
MRC-5 cells. This selectivity could be due to several 
factors, such as differences in the genetic makeup or 
signaling pathways between cancer cells and normal cells 
(17, 18).  These findings suggested that SP-8356 had a 
potent inhibitory effect on NSCLC cell growth, making it 
a promising candidate for NSCLC treatment.

One of the mechanisms underlying anticancer effects 
of SP-8356 involves its regulation of the cell cycle 
progression (10). Flow cytometric analysis revealed that 
SP-8356 induced G2/M cell cycle arrest in NSCLC cells. 
G2/M arrest is a critical checkpoint in the cell cycle, where 
cells are subjected to thorough DNA damage repair before 
entering mitosis. Ability of SP-8356 to induce G2/M 
arrest in NSCLC cells may disrupt the uncontrolled cell 
cycle progression, leading to reduced cell proliferation 
and increased susceptibility to apoptosis.

Apoptosis is a key process in controlling cellular 
homeostasis and eliminating damaged or abnormal 
cells (19). In this study, SP-8356 was found to enhance 
apoptosis in NSCLC cells, as demonstrated by Annexin V 
staining and Western blot analysis of apoptotic-associated 
protein levels. Increase in the pro-apoptotic proteins, like 
Bax, and decrease in the anti-apoptotic proteins, such 
as Bcl-2, suggested activation of the intrinsic apoptotic 
pathway. These findings suggested that SP-8356 can 
trigger apoptosis in NSCLC cells, contributing to its 
anticancer effects. Taken together, these results suggested 
that SP-8356 played role in modulating the G2/M cell 
cycle transition and induced apoptosis in NSCLC cells. 
The observed alterations in apoptotic-associated protein 
levels further supported potential of SP-8356, as a 
candidate therapeutic agent for inducing cell cycle arrest 
and promoting apoptosis in NSCLC. Additional research 
is warranted to uncover the underlying molecular 
mechanisms and to investigate its therapeutic potential 
for treating NSCLC.

Upregulation of p53 protein levels was a prominent 
observation in our study, following the SP-8356 
treatment. P53 is a crucial tumor suppressor protein that 
plays a central role in regulating cell cycle progression, 
DNA repair, and apoptosis in response to cellular stress 
(20, 21). The increased levels of p53 in NSCLC cells 
treated with SP-8356 indicated the compound impacts of 
p53 expression. Further investigation of the underlying 
mechanism revealed that SP-8356 acted on p53 through 

A

B



Cell J, Vol 25, No 12, December 2023 846

The Role of SP-8356 in NSCLC

MDM2, a negative regulator of p53. SP-8356 interfered 
with the interaction between p53 and MDM2, preventing 
p53 ubiquitination and subsequent degradation. As a result, 
p53 level was accumulated within the cells, triggering 
downstream cellular responses, like cell cycle arrest and 
apoptosis. The results suggested that SP-8356 was capable 
to upregulate p53. The increased p53 levels may contribute 
to the observed anti-cancer effects of SP-8356 in NSCLC 
cells. Exploring the specific molecular mechanisms through 
which SP-8356 upregulate p53 expression will yield valuable 
insights into its potential as a therapeutic agent for NSCLC 
treatment.

Modulation of the p53-MDM2 axis represented a critical 
mechanism through which SP-8356 exerted its anticancer 
effects in NSCLC cells. Disruption of this regulatory pathway 
enhanced stability and function of p53, promoting its tumor-
suppressive activities. The ability of SP-8356 to upregulate 
p53 and inhibit its ubiquitination highlighted its potential as 
a targeted therapeutic agent for p53-associated malignancies, 
including NSCLC. Modulation of the p53-MDM2 axis 
by SP-8356 highlighted a crucial mechanism underlying 
its anticancer effects in NSCLC cells. Disruption of this 
regulatory pathway may represent a promising therapeutic 
strategy for targeting p53 and promoting tumor suppression. 
Further investigations into the specific interactions between 
SP-8356, MDM2, and p53 will provide deeper insights into 
the molecular mechanisms mediating the compound’s impact 
on p53 regulation and its potential as a novel therapeutic 
agent for NSCLC treatment.

In conclusion, our study demonstrated that SP-8356, a 
(1S)-(–)-verbenone derivative, exhibiting potent anticancer 
properties in NSCLC cells. The compound significantly 
suppressed cell viability and proliferation, induced G2/M cell 
cycle arrest, and enhanced apoptosis. Furthermore, SP-8356 
upregulated p53 levels by inhibiting its ubiquitination through 
disruption of the p53-MDM2 interaction. These findings 
provided valuable insights into the molecular mechanisms 
that underlie SP-8356 anticancer effects and highlight its 
potential as a promising therapeutic candidate for NSCLC 
treatment. Future studies, including in vivo investigations 
and translational research, are warranted to further validate 
the therapeutic potential of SP-8356 and to advance its 
development as a targeted therapy for NSCLC patients.

Conclusion
SP-8356, a (1S)-(–)-verbenone derivative, demonstrated 

potent anticancer effects in NSCLC cells. The compound 
substantially inhibited cell proliferation, triggered G2/M cell 
cycle arrest, and fostered apoptosis. Its upregulation of p53 
levels via MDM2 inhibition contributed to its anticancer 
activity. SP-8356 held promise as a targeted therapeutic agent 
for NSCLC treatment, warranting further investigations for its 
clinical development.
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Abstract
Objective: The pathogenesis of metabolic syndrome (MetS) complications involves the excessive production of 
reactive oxygen species, inflammation, and endothelial dysfunction. Due to Lycopene, a highly unstable structure and 
its significant effects on modulating the metabolic system, there is a strong need for a formula that can increase its 
stability. The aim of this study was to develop an approach for encapsulating Lycopene and investigate its effects on 
inflammatory markers, oxidative stress, and liver enzymes in patients with MetS.  
Materials and Methods: This study is a simple randomized, double-blind, objective-based clinical trial that involved 
eighty subjects with MetS, who were equally and randomly assigned to two groups: one group received 20 mg of 
Lycopene per day for 8 weeks, and the Placebo group followed the same protocol as the Lycopene group but received 
a placebo instead of Lycopene. They were called Lycopene and placebo, respectively. During follow-up visits after 4 
and 8 weeks, 20 ml of blood was collected for evaluation of liver enzymes and some inflammatory related markers. 
Results: Prior to the assignment of volunteers to their respective groups, there were no notable differences in C-reactive 
protein (CRP), serum liver enzymes, systolic and diastolic blood pressure, or pro-oxidant-antioxidant balance (PAB) 
between the Lycopene and placebo groups. However, our subsequent analysis revealed a significant reduction in the 
serum levels of CRP (P=0.001) and PAB (P=0.004) in the group that received Lycopene. Our encapsulated Lycopene 
treatment was not associated with a significant difference in serum levels of alanine aminotransferase (ALT), aspartate 
transferase (AST), or  alkaline phosphatase (ALP) between our two groups.  
Conclusion: This study investigated the impact of Lycopene on individuals with MetS, revealing a noteworthy 
modulation effect on PAB and inflammation linked to MetS. However, no significant differences was demonstrated in 
serum levels of ALT, AST and ALP between the studied group (registration number: IRCT20130507013263N3).
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Introduction
Oxidative stress, induced by reactive oxygen species 

(ROS), is a significant risk factor for cardiovascular 
disease (CVD) in individuals with metabolic syndrome 
(MetS) (1). MetS disease, a multifactorial disorder, 

is defined by a combination of altered metabolism of 
glucose, lipids, obesity and/or arterial pressure elevation. 
The overproduction of ROS may initiate inflammation 
and endothelial dysfunction, likely through oxidative 
modification in the liver, thereby may contribute to 
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https://orcid.org/0000-0002-1081-6754


Cell J, Vol 25, No 12, December 2023 848

The Effects of Lycopene on MetS Patients

complications associated with MetS (2). Chronic 
complications linked to MetS risk factors can arise when 
there’s an imbalance in pro-oxidants and antioxidants, 
particularly when pro-oxidants are in excess (3). The pro-
oxidant-antioxidant balance (PAB) affects the interplay 
between antioxidant activity, oxidative damage, signal 
pathway activation, and the progression of pathological 
conditions such as CVD, insulin resistance, and MetS (4). 
The serum PAB assay is a simple method for evaluation 
of pro and antioxidant status in a single test, as reported 
by Alamdari et al. (5). Recent evidence suggested that an 
increased serum levels of  PAB and C-reactive protein 
(CRP), along with clinical parameters, are independently 
associated with MetS (6). 

Several cross-sectional studies have demonstrated a 
relationship between MetS and elevated serum liver 
enzymes, such as alanine aminotransferase (ALT) and 
aspartate transferase (AST). It seems that an increased 
activity of liver enzymes can independently predict the 
progression of MetS, diabetes mellitus, and cardiovascular 
events (7, 8). Despite some indications, the association 
between alcohol intake and liver enzyme levels, including 
γ-glutamyl transferase (GGT), ALT, and AST, has not 
been conclusively established (9).

Inflammation plays a crucial role in the pathogenesis 
of diabetes mellitus and atherosclerosis (10). It is hoped 
that preventing this condition can significantly reduce 
CVD mortality. Nutraceutical compounds, nutrients, and 
dietary patterns have been explored for their beneficial 
properties and therapeutic potential in treating MetS. 
Although, several nutrients have been considered as a 
MetS therapeutic approach, no definitive dietary treatment 
has been established (11).

Nowadays, Lycopene is recognized for its effectiveness 
in controlling of various diseases such as obesity, diabetes, 
metabolic syndrome, cardiovascular diseases, infertility, 
cancers and respiratory disorders (12-14). It’s suggested 
that dietary carotenoids, particularly Lycopene, may play 
a crucial role in controlling metabolic issues like obesity, 
hypertension, diabetes, cardiovascular disease, and cancer 
(15). The structure of Lycopene contains conjugated 
double bonds that can react with free radicals, making 
it the most powerful oxygen quencher among natural 
carotenoids (16). The reactions between Lycopene and 
ROS depend on various factors, including Lycopene 
structure, free radical types, and ROS location in the cell 
membrane, particularly in biological systems (17). 

Studies have reported that the use of Lycopene to 
reduce inflammation and liver disease treatment (18, 
19). The bioavailability and absorption of Lycopene 
are enhanced by trans-to-cis conversion in enterocytes, 
liver and stomach (20). In the stomach, Lycopene is 
activated, released from the matrix, internalized 
into lipid droplets, and then released into the small 
intestine. Enzymes and bile acids break down the 
remaining matrix, facilitating the uptake of Lycopene 
by enterocytes. The majority of Lycopene is packaged 

into chylomicrons and secreted into the lymphatic 
system before being released into the circulation from 
chylomicrons in the liver. The bioactive properties of 
Lycopene metabolites are produced through enzymatic 
or oxidative cleavage in the liver (21).

The anti-inflammatory and antioxidant activities of 
Lycopene play an   important role in the maintenance of 
the liver normal metabolism (18). There are few clinical 
trials that examined the effects of Lycopene intervention 
on patients with MetS. The present study was designed to 
address to Lycopene effect on MetS patients in Iran. 

Materials and Methods 
The institutional board of the research and Ethics 

Committee of Iranian Clinical Trials confirmed in this 
study (IRCT20130507013263N3), and also, we received 
the confirmation of the Mashhad University of Medical 
Sciences (Mashhad, Iran) ethics committee (IR.MUMS.
SP.1396.214). This clinical trial was performed in the 
Qhaem Hospital, (Mashhad, Khorasan Razavi, Iran) and 
the Clinical Nutrition Department (Mashhad University 
of Medical Sciences, Mashhad, Iran) between October 
2022 and January 2023.

Study participants and eligibility criteria
Participants were recruited by email, face-to-

face interviews, social media, and campus-based 
advertisements. All participants provided their written 
informed-consent. The study initially had 90 participants. 
However, during the follow-up period, the number 
decreased to 80. The main inclusion criteria were: having 
MetS based on the International Diabetes Federation 
criteria, which is at least two parameters associated with 
waist circumference (having a waist circumference higher 
than 94 cm in men and 80 cm in women), having fasting 
blood sugar higher than 100 mg/dl or having diabetes, 
having triglycerides higher than 150 mg/dl, having 
systolic blood pressure (SBP) of 130 mm Hg or diastolic 
blood pressure (DBP) higher than 85 mm Hg or using 
antihypertensive drugs, having HDL less than 40 mg/dl in 
men and less than 50 mg/dl in women  patients who aged 
between 18-60 years at the beginning of the study (22), 
and lived in the Mashhad city (Khorasan Razavi, Iran). 
The detailed exclusion criteria were as follows:  having 
a serious disease requiring active treatment, taking any 
other herbal supplements, being pregnant or breastfeeding 
and taking medications that may interact with Lycopene. 
Figure 1 shows the representative flowchart of the study 
design.

Study design
This double-blind, randomized and placebo-controlled 

investigation spanned a duration of 8 weeks. According 
to previous research (23), we considered 8 weeks as the 
minimum time of Lycopene intake .The anthropometric 
parameters were measured during the clinical trial, on 
initial day and in the 4th and 8th week of the study. 
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Fig.1: Flowchart of the study.

Interventions
Using SPSS software (version 24.0. Armonk, NY: 

IBM Corp.), subjects were randomly assigned to either 
the placebo or intervention groups. Participants chose 
a sealed envelope containing their random assignment 
upon entering the trial. All subjects, physicians, care 
providers, and statisticians were blinded in this study. 
Also, the placebo group received a preparation that was 
similar in size, color, and appearance of the treatment 
group package to maintain blinding. Patients consumed 
one Lycopene (20 mg) or placebo tablet daily for eight 
weeks. Assessments were carried out during the fourth 
and eighth week as a follow-up to determine both the 
safety and effectiveness. During the trial, evaluations of 
height, body weight, waist circumference, blood pressure, 
and body composition were conducted in the first, fourth, 

and eighth weeks. After a 12-hour overnight fast, SBP 
and DBP were measured, and also 20 ml blood of each 
participant was collected to check fasting blood glucose 
(FBG) and lipid profile, including triglycerides, low-
density lipoprotein cholesterol (LDL-C), high-density 
lipoprotein cholesterol (HDL-C), total cholesterol, CRP, 
and PAB, at weeks one and eight. At each follow-up visit, 
any adverse drug reactions (ADRs) were documented 
using a standardized report form.

Lycopene extraction and tablet formulation
A modified method was utilized for the extraction of 

Lycopene and the production of tablets (24-27). Initially, 
Lycopene was extracted from tomatoes that were heated 
to a temperature of 37-40°C for three days and dried to 
achieve a moisture content of about 70-80%. 
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The tomatoes, which were dried previously, were ground 
into a powder using a semi-industrial mill. Then they were 
subjected to an additional 12 hours of drying and then 
stored in a low-humidity environment to prepare them for 
the extraction process. Following this, acetone (100014, 
Merck Milipore, Germany) and ethyl acetate (PHR1481, 
Sigma-Aldrich, Germany, 1:1, V/V) were introduced to 
the tomato powder in a 1:4 (W/V) ratio (approximately 
four times the volume of the powder). Then, the resulting 
mixture was slowly mixed by a simple butterfly mixer 
(C9New, Behan laboratory equipments, Iran) for 1-3 
hours in a covered and relatively insulated container.

This procedure was performed 3-5 times. Each time, 
the extract of the powders was separated and filtered, and 
fresh solvent was added to the container. The separation 
stage was performed using a modification of previous 
approaches. A strategy includes using a fabric filter and a 
device producing a mechanical pressure of more than 1 ton 
per square meter, the solvents contained in the separated 
extract and were transferred to a special container. Another 
method includes the separation of the extract from the 
powder by using a separator and a vacuum pump. 

In our research, we utilized a rotary device to recover 
the solvent and minimize the volume of the extract, 
which included acetone, ethyl acetate, and Lycopene. 
Almost 95% of the solvent was recovered during several 
stages. A major advantage of this method is the ability 
to recover and reuse solvents, significantly reducing 
the high cost of organic solvents. After removing the 
solvent, 30-35% of the primary extract weight contains 
the active substance Lycopene. This extract should be 
restored in a refrigerator at 4°C. To increase the amount 
of a homogenized Lycopene, the extract was kept at 
room temperature for a few minutes. To precipitate the 
Lycopene, cold 96% ethanol was added to the extract with 
a ratio of 10:1 (W/V). As a result, after centrifugation, the 
Lycopene was separated from impurities and transferred 
to another container. The ethanol used in this step was also 
recovered at a rate of approximately 70-80%. By using 
the HeadSpace method (by Gas Chromatography), the 
residual amount of both of ethyl acetate and acetone in the 
final extract was also analyzed to determine the presence 
of the used solvents. In particular, the final extract was 
analyzed by UV Spectroscopy and the amount of Lycopene 
was determined based on the standard curve. For the tablet 
formulation, the extract (25-35% Lycopene) and hexane 
(104374, Merck Milipore, Germany) (medicinal solvent) 
were added to the microcrystalline cellulose powder 
(102331, Merck Milipore, Germany) and mixed (using 
a simple mixer). After removing the solvent, a powder 
containing Lycopene was created. 

The materials used for extraction and formulation have 
special properties that help to facilitate the extraction. The 
Avicel has many properties, including uniform mixing of 
components, excellent absorption of Lycopene extract, 
high compressibility and outstanding tablet disintegration 
properties. Another material that is used in the tablet 
formulation process is the Aerosil (silicon dioxide). Due 

to its crystalline properties, Aerosil has a low density. As 
a result, a tablet flow is greatly improved during a direct 
compression (The Aerosil was used in concentration of 
1 to 5%). In addition, the polyvinyl pyrrolidone resulted 
in a better disintegration, higher compressibility and 
hardening of tablets. Also, the talc powder (IS29000, 
CP lab safety, USA) was used in the formulation 
process (2-5%). The use of Aerosil, talc powder, and a 
special combination of two types of commercial agents 
(Polyvinylpyrrolidone K30 and Polyvinylpyrrolidone 
CL) helped the Lycopene maintenance. 

Placebo tablets were formulated using identical 
excipients as the Lycopene tablets, with the only 
distinction being that Lycopene was substituted with 
the Avicel, an inert excipient, in the final formulation. 
Since the final tablets had a red coat, there was no visible 
difference between the Lycopene-containing tablets and 
the placebo tablets. One of the goals of this study was 
to develop a new formulation of Lycopene tablets that 
would increase the stability of the Lycopene molecule. 
Therefore, all of the extraction, purification, and drug 
formulation methods used in this study are novel and 
have no prior references.

Statistical analysis
Kolmogorov–Smirnov statistical analysis was used to 

assess normality of the data. For all variables, descriptive 
statistics were calculated. This includes the mean and 
standard deviation (represented as mean ± SD) for data 
that follows a normal distribution, and the median along 
with the interquartile range (IQR) for data that does 
not follow a normal distribution. Normally and non-
normally distributed data was analyzed using T student 
tests and Mann-Whitney, respectively. Normally and 
non-normally distributed data was analyzed using paired 
and independent T student tests and Mann-Whitney or 
Wilcoxon, respectively. Confounding factors such as 
age and sex were adjusted the analysis of Co-variance 
(ANCOVA). The P<0.05 was considered statistically 
significant.

Results
The Table 1 demonstrates the main characteristics of the 

baseline analysis. Totally, 80 patients who participated in 
this study were classified as belonging to intervention 
categories.  The mean age of the Lycopene and placebo 
groups was 44.25 ± 11.25 and 41.75 ± 10.05 years, 
respectively. There were no significant differences in the 
levels of CRP, serum liver enzymes, systolic and diastolic 
blood pressure, and PAB between Lycopene and placebo 
groups before assigning the patients to the Lycopene and 
placebo groups.

Comparing the clinical  features of our groups ,after8   
weeks of intervention with Lycopene ,we observed some 
statistically significant differences. The P value of the 
difference between the Lycopene and placebo  groups, 
after adjusting for confounding factors such as age and sex 
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was found (Table 2). Interestingly, compared to the initial 
evaluation, the Lycopene group showed a decrease in the 
levels of CRP and PAB. However, this reduction was not 
found to be significant in the placebo group. Additionally, 

after adjusting for confounding factors, only the P value 
of the difference in the PAB level between the two groups 
remained significant. No significant differences were 
found in the serum levels of ALT, AST, and ALP between 
our groups. 

Table 1: Baseline features in the study groups

Variable Lycopene (n=40) Placebo (n=40) P value

Gender 0.132

   Women 22 (55) 28 (70)

   Men 18 (45) 12 (30)

Age (Y) 44.25 ± 11.25 41.75 ± 10.05 0.214

Systolic blood pressure (mmHg) 125.00 ± 5.774 134.75 ± 12.790 0.108

Diastolic blood pressure (mmHg) 75.00 ± 12.910 35.628 ± 35.628 0.147

hs-CRP (g/dl) 0.46 ± 0.3 0.44 ± 0.27 0.753

PAB (H.K) 162.30 ± 37.42 172.17 ± 28.72 0.155

ALT (U/L) 22.95 ± 16.35 18.03 ± 7.5 0.519

 AST (U/L) 23.13 ± 17.06 17.05 ± 6.2 0.149

ALP (U/L) 123.53 ± 34.92 126.87 ± 48.31 0.836

Non-smoker 35 (87.5) 31 (77.5) 0.408

Exposure-smoker 1 (2.5) 3 (7.5)

Current smoker 4 (10) 6 (15)

Data presented as mean ± standard deviations or median (interquartile range) or n (%). Independent sample t test was used where appropriate. 
PAB; Pro-oxidant-antioxidant balance, ALT; Alanine aminotransferase, AST; Aspartate transferase, ALP; Alkaline phosphatase, and hs-CRP; High-sensitivity 
C-reactive protein.

Table 2: The effect of Lycopene on CRP and liver enzymes in population study

Variable Lycopene (n=40) Placebo (n=40) P value*

Baseline Difference P value Baseline Difference P value

hs-CRP (g/dl) 0.46 ± 0.3 -0.14 0.004 0.44 ± 0.27 -0.08 0.141 0.340

PAB (H.K) 162.30 ± 37.42 -29.9 <0.001 172.17 ± 28.72 -10.04 0.098 0.002

ALT (U/L) 22.95 ± 16.35 1.2 0.607 18.03 ± 7.5 1.02 0.439 0.252

 AST (U/L) 23.13 ± 17.06 -2.2 0.233 17.05 ± 6.2 1.1 0.146 0.792

ALP (U/L) 123.53 ± 34.92 1.2 0.809 126.87 ± 48.31 9.25 0.226 0.406

The P<0.05 was considered statistically significant. *; P value of difference between in Lycopene and placebo groups after adjusting for confounding 
factors such as age and sex as co-variant, PAB; Pro-oxidant-antioxidant balance, ALT; Alanine aminotransferase, AST; Aspartate transferase, ALP; Alkaline 
phosphatase, and hs-CRP; High-sensitivity C-reactive protein. Bold numbers are statistically significant.
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Discussion
The mechanism of the high-sensitivity CRP (hs-CRP) 

reduction by the Lycopene is not only exactly known, 
but also several hypotheses exist. One of them addressed 
the Lycopene, as a potent antioxidant, that can prevent 
the oxidation of LDL and consequently, reduce the 
inflammatory response in the vascular wall. Another 
hypothesis is that the Lycopene may affect apolipoprotein 
B (apo B), one of LDL carriers, and reduce its interaction 
with a CRP. The CRP, an inflammatory protein, may 
be involved in tissue damage during a heart attack. 
Therefore, reducing the interaction of CRP and apo B may 
lead to lower risk of CVD (28, 29).

The initial question of this study aimed to determine 
the Lycopene effect on the imbalance of the PAB and 
hs-CRP in the patient with MetS. The most interesting 
our finding was that there was a significant difference in 
PAB levels between our groups, even after adjusting for 
age and sex. Although, this finding did not align with the 
previous research. In the study conducted in the United 
Kingdom with 225 volunteers (94 males and 131 females, 
aged 40-65 years). They evaluated the Lycopene effects 
on the modulation of CVD risks after 12 weeks-controlled 
diet. They considered 3 groups: i. A controlled diet with 
low consumption of tomato-based food, ii. A high tomato 
diet (20 to 50 mg Lycopene/day), iii. Controlled diet with 
Lycopene tablet (10 mg/day). They found that none of the 
CVD markers, including insulin resistance, sensitivity 
markers, inflammatory markers, and lipid concentrations, 
showed significant changes (30). One possible explanation 
for these results could be the Lycopene low dose used in 
their study.

As expected, this study found a significant decrease in 
the hs-CRP levels in the Lycopene group. These results 
are consistent with Sun and Karin (31) study that showed 
a daily consumption of Lycopene (29.4 mg/day for one 
month) reduced the CRP serum level in a population of heart 
failure patients (23 men, 17 women). Also, Bahcecioglu et 
al. (32) demonstrated the efficacy of heightened Lycopene 
intake, derived from tomato products, in ameliorating 
lipid profiles and inflammatory markers, such as CRP. 

Some studies have shown that the Lycopene may 
be ineffective on liver enzymes and even sometimes 
have a negative effect on ALT, AST or ALP. The exact 
mechanism of this process is not clear, but one of the 
hypotheses is that the Lycopene may affect the activity of 
other liver enzymes such as CYP450 and cause changes in 
the metabolism of some drugs. This issue may lead to the 
liver function dysfunction (33, 34). 

The second question this research addressed was the 
relationship between the Lycopene tablets and liver 
enzyme serum levels in patients with MetS. We found no 
difference in the serum level of ALT, AST, and ALP in 
our groups, which supports the findings of the previous 
work.  In 2020, Negri et al. (35) evaluated the effect of the 
Lycopene extracts and calorie-restricted regimen in the 

obese children with fatty liver. This randomized crossover 
clinical trial examined 61 obese children with fatty with 
calorie-restricted regimen alone or with a supplement of 
Lycopene juice for 2 months. A reduction in the body 
mass index (BMI), cholesterol, triglycerides, and liver 
size, was more profound in the Lycopene-supplemented 
group. They suggested that adding Lycopene to a calorie-
restricted regimen could be considered preventive and 
protective support for an obese child (35).

A randomized intervention trial was designed to 
determine the Lycopene supplementation effect (7 mg 
daily for 2 months) on healthy volunteers and CVD patients 
treated by the Statin. In this study by Seki  et al. (36), it 
was indicated that the mentioned treatment resulted in a 
53% improvement in the endothelial-dependent arterial 
vasodilation for patients, while no effect was observed 
in healthy volunteers. Furthermore, it was shown that a 
Lycopene supplementation (20 mg/day for 1 year) led to 
a decrease in the thickness of the intima-media in  the144 
patients with sub-clinical atherosclerosis (37).

While various nutrients have been explored as 
potential therapeutic approaches for MetS treatment, no 
definitive dietary treatment has been established. The 
Lycopene, a carotenoid recognized for its antioxidant 
properties, is one such nutrient. However, the relationship 
between a Lycopene intake and MetS risk factors, such 
as inflammation and insulin resistance, are not well 
understood. The majority of these studies reported a 
significant protective association between Lycopene and 
MetS. However, the specific components of the MetS 
influenced by the Lycopene varied across studies (38). 

While the evidence generally supports a protective 
relationship between a Lycopene and MetS, further 
research is needed to understand the mechanisms 
behind this effect and to establish evidence-based 
recommendations for the Lycopene intake. Potential 
challenges of this study may include ensuring that the 
study duration is sufficient to observe the long-term 
effects of Lycopene, and maintaining adherence to the 
assigned Lycopene dietary intake.

Conclusion 
In this investigation, we evaluated the effect of Lycopene 

on the risk status of patients with MetS. Administrating 
daily dosage of 20 mg for 8 weeks resulted in no recorded 
side effects. Our findings indicate that Lycopene has a 
modulating effect on PAB and inflammation associated 
with MetS. Additionally, the encapsulated Lycopene 
treatment did not yield a significant difference in serum 
levels of ALT, AST, or ALP between the two groups. These 
results highlight the Lycopene potential therapeutic value. 
Further research is essential to validate these findings and 
explore the mechanisms underlying the observed effects. 
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Abstract
Objective: The collagen-induced arthritis (CIA) model is the most commonly studied autoimmune model of rheumatoid 
arthritis (RA). In this study, we investigated the usefulness of collagen type II emulsified in Freund's incomplete 
adjuvant (CII/IFA) as a suitable method for establishing RA in Lewis rats. The aim of the present study was to present 
a straightforward and effective method for inducing CIA in rats.  
Materials and Methods: In this experimental study, animals were divided into two equal groups (n=5); control and 
CIA. Five rats were injected intradermally at the base of the tail with a 0.2 ml CII/IFA emulsion. On the seventh day, 
a 0.1 ml CII/IFA emulsion booster was injected. Arthritis symptoms that arose were evaluated at clinical, histological, 
radiological, and at protein expression levels to find out if the disease had been induced successfully. 
Results: Our finding showed a decreasing trend in the body weight during the RA induction period, while the arthritis 
score and paw thickness were increased during this period. The results of the enzyme-linked immunosorbent assay 
(ELISA) for serum samples revealed that the levels of proinflammatory cytokines, interleukin (IL)-1β, IL-6, IL-17, and 
tumor necrosis factor (TNF)-α and anti-CII IgG were significantly increased in CIA rats compared to the control group. 
After CIA induction, the level of anti-inflammatory protein IL-10 was decreased significantly. Radiographic examination 
of the hind paws showed soft tissue swelling, bone erosion, and osteophyte formation in CIA rats. Additionally, based 
on histological evaluations, the hind paws of the CIA group showed pannus formation, synovial hyperplasia, and bone 
and cartilage destruction.  
Conclusion: It seems that CII/IFA treatment can be an appropriate and effective method to induce RA disease in Lewis 
rats. This well-established and well-characterized CIA model in female Lewis rats could be considered to study aspects 
of RA and develop novel anti-arthritic agents.
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Introduction
Rheumatoid arthritis (RA) is a chronic autoimmune disease 

that primarily affects the joints (1). This systemic disorder has 
an unknown etiology that affects 1% of the adult population 
worldwide, making RA one of the most common chronic 
inflammatory diseases (2, 3). In the RA disorder, the immune 

system attacks the synovial membrane of joints, causes the 
joints to become swollen and painful due to inflammation, 
thickening of the joint membrane, and fluid accumulation. 
Over time, this state leads to cartilage and bone destruction, 
joint deformity, and eventually severe disability (4, 5). The 
clinical symptoms of the disease negatively affect the patient’s 
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quality of life and the ability to work and induce psychological 
distress. Despite of numerous therapeutic approaches are 
currently considered to alleviate symptoms, 15-40% of 
RA patients are resistant to long-term treatments and can 
become non-responsive to all existing clinical therapies (6). 
Therefore, suitable in vivo models need to assess the safety 
and efficacy of novel therapies, evaluate the mechanism of 
action of the drugs, and understand the mechanisms behind 
the development of the disease. 

A Collagen-induced arthritis (CIA) model in mice and 
rats has been extensively studied because it shares several 
pathological and immunological features with humans and 
allows the testing of innovative treatments in preclinical 
studies (7). Most CIA models are induced by type II collagen 
(CII), the main protein found in the articular cartilage. Thus, 
by immunization of some inbreeds or outbred rats and 
mice, an experimental model of autoimmune arthritis can 
be developed (8). A CII is provided for immunization from 
animal sources, including pigs, cattle, and chickens (9). To 
establish arthritis, adjuvants such as Freund’s incomplete 
adjuvant (IFA) accompanied by CII and Freund’s complete 
adjuvant (CFA) with or without collagen are commonly 
used. In numerous studies, CFA, employed alongside CII as 
immunological agents, has been utilized for rat modelling, but 
this approach has its drawbacks (10). The CFA is composed 
of an emulsion of water and mineral oil containing heat-killed 
Mycobacteria; in contrast, the IFA contains an emulsion of 
water and non-metabolizable oils (mineral oil) and does not 
contain any Mycobacterium species (7). In a CII-induced 
establishment in Wistar rats, it was found that when a CFA 
adjuvant is used to prepare collagen, the immune response, 
in addition to collagen, is also produced against other 
Mycobacterium antigens, leading to a severe inflammatory 
response (9, 10).  

For the reasons stated, the IFA use in preparing CII/IFA 
emulsions could be preferable to RA model development, 
which are similar to human RA in different symptoms of 
haematology, clinical, histological, and radiology (11).

The aim of the present study was to present a 
straightforward and effective method for inducing CIA in 
rats. We opted to utilize an Incomplete Freund’s adjuvant 
(IFA), as an alternative to Complete Freund’s adjuvant 
(CFA), to emulsify a bovine Collagen Type II (CII). 

Through the implementation of this immunization 
procedure, diverse mouse strains exhibited distinct responses, 
which aligned with their sensitivity to the CIA induction. 
Ultimately, we sought to determine the most effective CIA 
model. This approach was aimed at ensuring the model’s 
reliability, marked by high consistency and reproducibility, 
facilitating comparisons across various research studies. 
Moreover, we intended for this model to be particularly useful 
in investigations focused on understanding the etiopathogenetic 
mechanisms and treatment approaches for RA.

Materials and Methods
Ethical statement

The Royan Institutional Review Board and Institutional 

Ethics Committee, (Tehran, Iran) approved this study 
(IR.ACECR.ROYAN.REC.1398.05). All experimental 
procedures were conducted under the standard guidelines 
of the National Institutes of Health guidelines for the Care 
and Use of Laboratory Animals (eighth edition) (12).

Animals and establishment of an rheumatoid arthritis 
model

This experimental study in female Lewis rats, because 
of more susceptibility of female rodents to develop 
autoimmune complications than males. Lewis rats were 
purchased from the Pasteur institute Tehran, Iran.

Ten inbred female Lewis rats (200 ± 50 g in weight; 8-10 
weeks old) were randomized into equal two groups (n=5). 
Animals of each group were housed in pathogen-free cages 
(two or three rats in each cage) with free access to standard 
feed and water, while the diameter of each cage was 27×42×17 
cm. Also, they were kept in an animal laboratory with 12 h of 
light/dark cycles at 15-24 ̊ C and relative humidity of 30-70%.

In accordance with previous studies (10, 13), the CIA model 
was induced in the animals. Bovine type II collagen (CII, 
Chondrex, Redmond, WA, USA, 20021) at a concentration 
of 2 mg/ml was dissolved in 0.05% acetic acid (Merck, 
Germany, 137000) and emulsified with an equal volume 
of Freund’s incomplete adjuvant (IFA, Thermo Fisher, 
USA, 77140) using a homogenizer. This process aimed to 
generate a stable emulsion that would persist as a solid clump, 
preventing dispersion in water. Briefly, five rats were injected 
intradermally with a total of 0.2 ml CII/IFA emulsion (1 mg/
ml) at the base of the tail, 1-2 cm away from the tail root, and 
at two sites on the back of rats, for sufficient and consistent 
drainage to the inguinal lymph nodes. Seven days after 
primary immunization, a 0.1 ml CII/IFA emulsion booster 
injection was administered. These rats were then assigned 
to the model group. The control group did not receive any 
compound. After 23 days of primary induction, the rats were 
euthanized, and their sera and paws were harvested for further 
analysis.

Clinical evaluation of the collagen-induced arthritis 
animal model

Induction of arthritis in rats was evaluated by body 
weight changes, paw swelling (characterized by oedema 
and erythema), and arthritis score from the 7th day of 
CII/IFA injection until scarification day, the 23rd day of 
injection. Body weight changes in the rats were measured 
every two days. The paw swelling was calculated by 
the thickness of the ankle joints of both hind paws in 
millimeters using the digital calipers model (Stoelting, 
USA, 58750). Arthritis scores on the hind paws of each 
rat were graded from 0 to 4 according to the extent of 
oedema and erythema of the specific tissues. The severity 
scores were defined in Table 1.  The maximum total score of 
every arthritic rat was 8 (4 points×2 hind paws). The arthritic 
signs were assessed by two independent investigators every 
two days and were scored individually using a previously 
described scoring system (15).
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Sample collection
All animals were anaesthetized with a mixture of 50 mg/

kg ketamine and 10 mg/kg xylazine (1801020-04, 362845 
respectively, both from Alfasan, Woerden, Netherland) 
then the animals were euthanized with carbon dioxide 
to perform laboratory assessments. Blood samples 
were collected via cardiac puncture and immediately 
centrifuged at 3000 rpm for 10 minutes at 4°C, and the 
harvested sera were kept at -70°C until the enzyme-linked 
immunosorbent assay (ELISA). The harvested hind paws 
were fixed with 10% neutral buffered formalin (Merck, 
Germany, 104002, pH=7.2). 

Enzyme-linked immunosorbent assay
The level of inflammatory cytokines (tumor necrosis 

factor-α [TNF-α], IL-1β, IL-17, and IL-6) and 
immunoregulatory cytokines (IL-10) were detected using 
the necessary ELISA kits (R&D Systems, USA). The 
level of anti-CII immunoglobulin was detected using an 
ELISA kit (Chondrex, USA, 1021T) according to the 
manufacturer’s instructions. 

Radiological assessment
Hind paws were radiographed by a conventional 

X-ray machine (Toshiba, DC-12M) at 45 kV peak, 15 
mA and 5 s exposure time. Radiographs were evaluated 
for different parameters, including soft tissue swelling, 
bone erosion, and osteophyte formation. These signs 
were scored blindly by two independent radiologists who 
were unaware of the treatment assignments on a scale 
of 0=regular, 1=mild changes, 2=moderate changes, and 
3=severe changes (14).

Histological evaluation 
The hind paws were decalcified in 10% EDTA (Gibco, 

USA, 15040) for 28 days at room temperature after 
being fixed for 48 h in 10% neutral buffered formalin 
(pH=7.26). Then the tissue samples were embedded in the 
paraffin (Biooptica, Italy, 087920) and serially sectioned 
into 5 µm thick sections. The sections were subjected to 
hematoxylin, eosin (H&E, Biooptica, Italy, 05-06004, 
05-m10003, Biooptica, Italy, respectively) and Masson’s 
trichrome (MT) staining (Sigma, USA, f-7258,). Sections 

were observed under the light microscope (Olympus 
BX51; Olympus, Japan) by an expert pathologist trained 
in joint pathology and blind to our treatment. Histological 
analysis was carried out based on bone resorption, 
cartilage damage, pannus formation, and infiltration 
of inflammatory cells. The severity of the lesions was 
determined using a graded scale as follows: 0=no signs 
of change, 1=mild change, 2=moderate change, and 
3=increasing degrees of changes (14). 

Statistical analysis
All statistical analyses were performed using the 

GraphPad Prism 8 (GraphPad Software., La Jolla, 
California, USA) software. The comparisons of radiology 
and pathology scores, paw thickness and body weight 
were performed using a 2-way analysis of variance 
(ANOVA). Unpaired t test were performed for other 
variables. Data were expressed as mean ± standard 
deviation of the mean (SD), and P<0.05 were considered 
statistically significant.  

Results 
Collagen-induced arthritis rats showed clinical signs 
of rheumatoid arthritis disease

The RA disease progression was assessed based 
on weight changes, arthritis severity score, and paw 
thickness. Clinical signs of CIA in the hind paws of rats 
showed that arthritis established well in animals (Fig.1). 

The 23 days after the primary injection, Intense 
oedema and erythema were observed in the hind paws 
of the CIA group in comparison with the control group 
(Fig.1A). Animals in the CIA group showed a trend of 
mild body weight loss in a time-dependent manner in 
comparison with the control group (Fig.1B). However, 
this decreasing trend was insignificant during the model 
establishment. Erythema and swelling, as disease 
severity scores, were higher in the CIA group compared 
to the control group, which was significant at days 15-
23 (P<0.001, Fig.1C). The paw thickness, indicative of 
ankle joint swelling, exhibited a notable increase in the 
CIA group. This increase was statistically significant from 
day 17 (P<0.001) through day 23 following the primary 
induction (P<0.001, Fig.1D).

Table 1:  Scoring system for subjective evaluation of arthritis severity

Severity score Degree of inflammation

0 No evidence of erythema and swelling

1 Erythema and mild swelling confined to the tarsals or ankle joint

2 Erythema and mild swelling extending from the ankle to the tarsals

3 Erythema and moderate swelling extending from the ankle to metatarsal joints

4 Erythema and severe swelling encompassing the ankle, foot, and digits, or ankylosis of the limb
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Fig.1: Clinical signs of the CIA induction in rats. A. Representative images of the hind paws from the control (a) and CIA (b) groups were taken on the 23rd 
day after the primary injection of type II collagen emulsified in the incomplete Freund’s adjuvant. Intense edema was observed in the hind paws of the 
CIA group in comparison with the control group. B. Body weight changes, C. Arthritis scores for hind paws, and D. Paw swelling were evaluated in control 
and CIA groups during the disease induction. All data were presented as the mean ± standard deviation. The comparisons were performed using two -way 
analysis of variance (ANOVA, n=5). ***; P<0.001 versus control rats and CIA; Collagen-induced arthritis.

Collagen-induced arthritis rats showed inflammation 
at the protein expression level

To explore the RA induction in rats, the expression of 
IL-1β, IL-6, IL-17, TNF-α as proinflammatory and IL-10 
as an anti-inflammatory cytokine was detected by ELISA 
assay. The protein level of autoreactive antibodies against 
CII (CII-specific IgG) was also evaluated.

The anti-CII antibody level in the serum of the CIA 
group was meaningfully higher than those of the control 
group (P<0.001, Fig.2A). 

The expression levels of TNF-α (P<0.001), IL-1β 
(P<0.001), IL-6 (P<0.001), and IL-17 (P<0.001) was 
elevated significantly in the CIA group in comparison with 
the control group (Fig.2B-E). In addition, the expression 

A
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level of IL-10 (P<0.001) in the CIA group was inhibited in 
comparison with the control group (Fig.2F). 

The radiographic features of lateral views of the hind 
paws in our groups are shown in Figure 3. The radiographic 
images of the control group revealed normal ankle joints 
and a higher bone volume than the CIA group (Fig.3A). 
The severity of RA was radiological measured the shape 
and volume of bone. The CIA group exhibited bone 
erosion and osteophyte formation. Specifically, the joint 
surfaces had a rough and irregular articular appearance 
with a diffuse lesion pattern on the articular surface. The 
radiological scoring of soft tissue swelling (P<0.001), bone 
erosion (osteolysis) (P=0.002), and osteophyte formation 
(P=0.011) showed significant differences between our 
groups (Fig.3B). 

Collagen-induced arthritis rats showed symptoms of 
rheumatoid arthritis disease

The H&E staining of the hind paws of the control group 
showed a normal articular cartilage with the intact joint space, 

and synovial tissue was without any architectural changes 
(Fig.4A). 

The cartilage surface in the CIA group exhibited 
damages, while the inflammatory mononuclear cells were 
infiltrated around and inside the cartilage. Granular hard 
tissue contains an inflammatory tissue with increased 
fibroblasts and enlarged blood vessels, with signs of 
bone destruction (Fig.4A). MT staining photographs of 
hind ankle joints illustrated a normal synovial tissue with 
typical collagen fibers in the control group. However, the 
high rate of articular cartilage degradation and extensive 
fibrosis completely obliterating the joint cavity was 
observed on the articular surfaces of the joint in the CIA 
group. In addition, synovial hyperplasia and inflammatory 
cell infiltration were observed on the articular surface 
of the joints from the CIA group (Fig.4A). The ankle 
histopathological score showed significant increases in 
different parameters, including inflammation, pannus 
formation, cartilage damage, and bone resorption in the 
CIA group (P<0.0001, Fig.4B).

Fig.2: Inflammation produced after CII/IFA injection in rats. A. Following CIA induction, the serum levels of anti-CII IgG and B-E. Inflammatory cytokines TNF-α, IL-
1β, IL-17, and IL-6 were significantly elevated in the CIA group, and F. anti-inflammatory factor IL-10 was decreased in comparison with the control group. All data 
were presented as the mean ± standard deviation (n=3). The comparisons were performed using the unpaired t test. *; P<0.05, **; P<0.01, ***; P<0.001, CII/IFA; 
Collagen type II/Freund’s incomplete adjuvant, CIA; Collagen-induced arthritis, TNF-α; Tumor necrosis factor-alpha, and IL; Interleukin. 
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Fig.3: Radiological evaluation of the hind ankle joints. A. CIA group had severe soft tissue swelling (green arrow), osteolysis (purple arrow) and periosteal 
new bone formation (yellow arrow). B. Radiological scoring of soft tissue swelling, bone erosion, and osteophyte formation showed significantly increased 
values in the CIA group in comparison with the control group. All data were presented as the mean ± standard deviation (n=5). The comparisons were 
performed using two -way analysis of variance (ANOVA).  *; P<0.05, ***; P<0.001, and CIA; Collagen-induced arthritis.

  

Fig.4: Histological evaluation of the hind ankle joints. A. Histological evaluation of the hind ankle joints. H&E and MT staining. The Control group showed 
an intact articular cartilage, preserved articular space, and typical synovial tissue collagen fibers without any inflammatory infiltration. The CIA group 
demonstrated synovial hypertrophy with marked mononuclear leukocyte infiltration (inflammation) (triangle), hypervascularity (red arrow) with pannus 
formation, destruction of the adjacent bone (blue arrow), degenerative changes in articular cartilage with diminished articular space (star). B. Histological 
scores of the rats’ ankles in the CIA group showed a significant increase in the inflammation, pannus formation, cartilage damage, and bone resorption 
changes in comparison with the control group. All data were presented as the mean ± standard deviation (n=5). The comparisons were performed using 
two-way analysis of variance (ANOVA). ****; P<0.001, CIA; Collagen-induced arthritis, H&E; hematoxylin and eosin, MT; Masson’s trichrome, SI; Synovial 
inflammation, and JS; Joint space.
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Discussion
Developing RA animal models may shine the new 

therapeutic options road. There is a debate regarding 
the appropriate RA animal models for precise disease 
characteristics because different models reflect distinct 
clinical features. These variations could be the result of 
differences in species, strains, sexes or ages of animals, 
housing and care refinements, dissimilarity in protocols 
for arthritis induction, and variation in the materials used 
for induction such as collagen, lipopolysaccharide, and 
use of adjuvants such as Mycobacterium (16). 

Suppose the animal model fails to simulate what is 
happening in the RA disease. In that case, inaccuracies 
will occur in finding the underlying biological mechanisms 
and predicting response to the clinical treatments. One of 
the most widely used experimental models of autoimmune 
arthritis CIA which shares several pathological aspects 
with RA, including synovial hyperplasia, mononuclear 
cell infiltration, cartilage degradation, and, similar to RA 
disease in humans, its susceptibility is linked to major 
histocompatibility complex (MHC) class II molecules 
(17, 18). 

On the other hand, another critical issue is potential harm 
to animals, i.e., pain, suffering or distress, that should be 
considered against the possible benefits of each protocol.

Russell and Burch introduced and defined the three Rs 
(replacement, reduction and refinement) terms, which have 
become known as ‘alternative methods’ for minimizing 
the potential pain, distress and fear in animal research 
(19). Procedures and materials used to induce arthritis 
in animals can cause pain and suffering, which may be 
mild, moderate, or severe, depending on the modelling 
method, animal acceptance, and type of materials used 
for disease establishment (9). For this reason, researchers 
need to consider the conduct to minimize this problem in 
the animal. Although, there is still a challenging issue. 
Due to the genetic and physiological differences between 
humans and animals, and the animal findings need to be 
fully generalized to the human population (20). There are 
limitations, therefore preclinical studies are critical and 
helpful regarding efficacy and safety in the living organism 
(19).  In these viewpoints, we induced the CIA model in 
female Lewis rats in the present study. In the CIA group, 
symptoms of arthritis appeared in one or both hind paws 
from 12th to 14th days and showed a significant difference 
in swelling of hind paws and arthritis scores from the 
17th day in comparison with the control group. We used 
an inbred strain rat for the CIA establishment because 
using inbred strains can reduce variability and extremes 
in responses because they have a more uniform genetic 
background, which minimizes the effects of genetic 
variation on experimental outcomes (9). Establishing 
the CIA model in female rats is imperative because, like 
humans, females are more receptive to this model (21).

In this study, we used 300 μg bovine CII emulsified in the 
IFA, and the results showed a successful CIA induction. 

The CII immunity depends on the response of tissue-
specific T lymphocytes, followed by the stimulation of 
B cells and the production of large amounts of antibodies 
against CII. These antibodies specifically bind to conserve 
epitopes on the type II collagen (CII), including the C1 
epitope. They inhibit the CII self-assembly into fibrils, a 
process that may play a role in the pathogenesis of CIA. 
In general, the formation of antibodies that target a CII is 
a pivotal event in the onset and advancement of the CIA 
within joint tissues. These antibodies also play a role in 
the development of RA in both human subjects and CIA 
models (22). 

The IFA induces predominantly T helper 2 (Th2) cells 
through the formation of a depot at the injection site with 
the stimulation of B cells; this causes the slow release of 
an antigen. IFAs, organism contamination free, are less 
toxic, thus, result in a less painful. 

 In a review study by Noh et al. (23), different models 
of RA in rodents were compared. It was concluded 
that in adjuvant-induced arthritis (AIA) models in 
comparison with the CIA model, the use of CFA adjuvant 
causes more severe joint damages and extra-articular 
involvements, such as inflammation in blood vessels, 
brain and eyes, and bone loss in the axial skeleton, bone 
marrow hyperplasia and leukocytosis, and enlargement 
of spleen and lymph nodes. This systemic response is 
evoked by ‘danger’ signals available in the CFA. Hence, 
a CIA could be presumed as an auto-inflammatory rather 
than an autoimmune situation (24). Therefore, the IFA is 
preferable to the CFA in creating a CIA model.

Studies revealed that the RA susceptibility in humans 
and the establishment of a CIA in rodents linked with 
MHC class II molecules (12), MHC class II regulates B 
cell activation, proliferation, and differentiation during 
cognate B cell-T cell interaction (25). In our study, the 
presence of IgG-specific autoantibodies against CII in 
the CIA group was significantly increased, confirming B 
cells’ role in the CIA pathogenesis.

According to previous studies, changes in the 
balance of the inflammatory cytokines towards disease 
development detected in the joint tissue and serum of RA 
patients (26, 27). Therefore, in this study, we assessed 
the expression of cytokines involved in inflammation 
markers, including IL-1β, IL-6, IL-17, TNF-α, and IL-
10. We observed that the levels of proinflammatory 
cytokines in the CIA model group increased significantly 
in comparison with the control group. Proinflammatory 
cytokines play an essential role in the pathogenesis 
of RA in patients by causing inflammation, synovial 
hyperplasia, and destruction of cartilage and bone. During 
the development and progression of the RA, various 
cells and many cytokines stimulate the production of 
fibroblast-like synoviocytes (FLSs) and macrophages. 
Stimulated macrophages release inflammatory mediators, 
and FLSs secrete cytokines and enzymes, which all are 
involved in the cartilage and bone degradation (26, 
28). The IL-1β and TNF-α increase the proliferation of 
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synovial membrane cells in the joint, causing it to thicken 
and decrease the volume of joint fluid. The TNF-α, as a 
critical regulator of the inflammatory cascade, is a central 
player in the pathogenesis of RA and is considered for 
anti-TNF-α biologic (29).

The IL-1 is a crucial mediator of immune responses 
and is strongly linked to inflammation and joint damages 
in the RA (30). Therapeutic effects of IL-1 blockade, 
either through anti-IL-1 antibody or IL-1 receptor 
antagonist, have been demonstrated in several models 
of arthritis, such as CIA (29, 31). Another main cytokine 
in the development of the RA is IL-6, which has an 
essential effect on the proliferation and differentiation of 
macrophages, B and T cells, osteoclasts, chondrocytes, 
and endothelial cells (32-35). Regarding IL-6, there is 
some evidence of dysregulated overproduction from 
various animal models of arthritis, including CIA (36). 
Several strategies have been used to target IL-6 cytokine/
signaling in RA patients. 

In the CIA model, similar to the pathogenesis of RA 
in patients, the protein levels of TNFα, IL1β and IL6 
were increased. At the same time, the anti-inflammatory 
cytokine IL10 was downregulated. The IL-10 is an 
effector cytokine in mice and humans and is critical in 
RA pathogenesis (37, 38). 

Th17 cells intensify inflammation by the production of 
IL-17, and elevated serum IL-17 levels are directly related 
to the severity of RA symptoms in patients (39). The IL-
17 can enhance the inflammation and cellular infiltration 
joint arthritis. Moreover, it mediates bone and cartilage 
damage, which causes pain and disability in RA patients 
(40). Thus, the findings in the female Lewis rat CIA model 
in our study closely resemble the disease characteristics 
of human RA.

Song et al. (10) induce a simple, specific, and efficient 
way to induce the CIA model in Wistar rats. They 
used IFA instead of CFA to emulsify CII, and injected 
the CII/IFA emulsion into the skin at the base of the 
tail on the 7th day after the initial immunization. They 
injected a booster dose of CII/IFA and concluded that 
this developed CIA model was similar in clinical, 
hematologic, histopathological, and radiological 
features to those of humans. In another study, Choudhary 
et al. (7) used IFA emulsion and autologous collagen 
to develop severe polyarthritis in Dark Agouti (DA) 
and Lewis rats. Symptoms of the onset of arthritis 
were identified two weeks after immunization as paw 
swelling. As the disease progressed, it eventually led to 
chronic arthritis, increased inflammatory cytokines, and 
bone and cartilage destruction (7). Both of these studies 
confirmed the results of our results. 

In our study, in the CIA group, such as RA patients, the 
IL-10 level declined, which reflects the imbalance between 
proinflammatory and anti-inflammatory cytokines in the 
RA pathogenesis. This imbalance might be due to various 
reasons, such as a specific IL-10 inhibitor, excretion of 
IL-10, production disruption or increasing degradation.

Alterations in the body weight of animals, paw swelling, 
and arthritis scores are standard indices used to evaluate 
arthritis induction and the anti-arthritic effect of drugs 
in the CIA animal models (37). In the present study, 
CII/IFAinjected rats exhibited weight loss, paw edema 
and increasing arthritis scores. The histological and 
radiological findings also confirmed the establishment of 
arthritis in the CIA model group. These data demonstrated 
that increased inflammatory cell infiltration in synovial 
space and extra-articular tissues in CIA animals could be 
directly related to cartilage and bone destruction. 

 
Conclusion

This study emphasizes the use of IFA/CII emulsion 
to establish the CIA model in Lewis rats. This model 
showed a high disease incidence and low variability in 
clinical symptoms, closely resembling RA progression 
in humans. Owing to the remarkable consistency of this 
model when applied to Lewis rats, combined with the 
exceptionally high acceptance rate among female Lewis 
rats (approaching 100%), it boasts a notably reduced 
mortality rate, aligning it with stringent animal welfare 
principles. The use of this approach in Lewis rats was 
associated with lower mortality rates. Emphasizing the 
ethical priority of adhering to the principles of the three 
Rs (Replacement, Reduction, and Refinement), it is 
noteworthy that the chosen method for arthritis induction 
in animals, involving Freund’s incomplete adjuvant 
without mycobacterial antigens, effectively curbs the 
risk of severe inflammatory reactions and prevents 
granuloma formation within the animals’ vital organs a 
problem frequently associated with the use of complete 
adjuvant.

Additionally, it is prudent to recognize that the Dilute 
Brown non-Agouti (DBA) 1 mouse strain is not universally 
accessible in all regions. Consequently, the application 
of this model, which can be established at a more cost-
effective rate, represents a significant advantage.
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Abstract
Objective: Genetic aspects can play an essential role in the occurrence and development of ischemic stroke (IS). 
Rs1894720 polymorphism is one of the eight single nucleotide polymorphisms (SNPs) in the long non-coding RNA 
(lncRNA) myocardial infarction-associated transcript (MIAT) locus. The aim of study is the lncRNA MIAT rs1894720 
polymorphism decreases IS risk by reducing lncRNA MIAT expression.  
Materials and Methods: In this case-control study, we studied 232 Iranian patients and 232 controls. The blood samples 
were collected from patients admitted at different times after stroke symptoms. We enrolled 80, 78, and 74 patients 
who arrived at the hospital between 0-24, 24-48, and 48-72 hours after the first appearance of symptoms, respectively. 
DNA genotyping was done by the tetra-primer ARMS-PCR method. Circulating MIAT levels were evaluated by real-time 
polymerase chain reaction (PCR). 
Results: The GT genotype of MIAT rs1894720 showed a significant association with the risk of IS (OR=3.53, 95% 
CI=2.13-5.84, P<0.001). MIAT expression was higher relative to the control within the first hours after IS. The MIAT 
levels in IS patients with rs1894720 (GT) were significantly lower relative to patients who had the GG and TT genotypes. 
Linear regression model indicated a significant correlation between MIAT expression with atherosclerotic risk factors 
and types of stroke in IS patients. Receiver operating characteristic (ROC) curve analysis showed that the level of 
lncRNA MIAT after IS could be diagnostic with an area under the curve (AUC) of 0.82.  The sensitivity and specificity 
were 80.17 and 67.24%, respectively (P<0.001).  
Conclusion: Our study demonstrated that the MIAT rs1894720 polymorphism (GT) might increase the risk of IS in the 
Iranian population. MIAT expression was up-regulated in our IS patients. Hence, it could be a diagnostic biomarker for IS.
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Introduction

Ischemic stroke (IS) is the leading cause of permanent 
or enduring disability in adults worldwide. The patient 
outcome is influenced by demographics, clinical, and 
genetic variables (1). The heritability of IS has been 
estimated at 38%, and several studies demonstrated the 
critical roles of genetic aspects in the different processes 
of IS pathophysiology (2). 

Thus, clarifying a patient’s genetic biology in addition 
to their epigenetics can help the prediction and prognosis 
of IS. Approximately 2% of the transcribed RNA in 
the human genome plays a significant role in protein 
encoding. Long non-coding RNAs (lncRNAs) are a type 
of RNA that contain more than 200 nucleotides and do not 

have any role in protein synthesis (3). LncRNAs can act 
as a primary target for treating various disorders. It is used 
as a new intervention tool for identifying biomarkers and 
novel treatments for IS (4). 

Myocardial infarction-associated transcript (MIAT) 
is a new locus in 22q12.1 identified for myocardial 
infarction. In addition, MIAT with five exons encodes 
a spliced lncRNA (5).  The physiological roles of this 
gene have been demonstrated in the differentiation of 
excitatory neurons in the embryonic brain (6). MIAT 
expression has a significant correlation with the risk and 
progression of different diseases. MIAT up-regulation has 
been demonstrated in patients with IS (7), myocardial 
infarction (8), and diabetic cardiomyopathy (9). In 
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contrast, previous findings showed that down-regulation 
of MIAT expression was associated with schizophrenia, 
cataracts (10), and diabetic nephropathy (11). 

Genetic polymorphisms can affect lncRNA function 
and expression levels, and can lead to human 
disease. Single nucleotide polymorphisms (SNPs) 
are caused by point mutations that affect only one 
nucleotide within a genetic sequence that gives rise to 
different alleles (12). 

Several SNPs in the MIAT locus have a significant 
association with myocardial infarction (13), and two 
SNPs in this locus [rs1894720 SNP with minor allele 
(T) and rs4274 SNP (genotype AA)] are correlated with 
schizophrenia (14). One SNP, rs1894720 with the GT 
and TT genotypes, has a significant association with 
cataracts (10). The rs1894720 polymorphism is one of 
the several tag SNPs located in the MIAT locus. Rao 
et al. (14) found that MIAT SNP rs1894720 increased 
the risk of paranoid schizophrenia in the minor T 
allele in a Chinese population. At the same time, its 
expression was reduced in patients with schizophrenia. 
Ghapanchi et al. (15) demonstrated that the rs1894720 
polymorphism might be associated with an increased 
risk of salivary gland tumours in the Iranian population. 
To the best of our knowledge, no further investigation 
has been conducted into the relationship between MIAT 
polymorphisms and various diseases in the Iranian 
population. In 2019, Li et al. (10) reported that the 
MIAT rs1894720 polymorphism might be involved in 
down-regulating MIAT expression. They can enhance 
miR-26b and decrease BCL2L2 expression, leading to 
an increased incidence of age-related cataracts. The 
results of an experimental study showed a correlation 
with the SNP rs1894720 MIAT and down-regulation of 
MIAT expression, and an increased risk of age-related 
hearing loss in dominant, codominant, and recessive 
genetic models (16).

After IS, cerebral hypoxia acutely alters lncRNA 
expression profiles so that, in the first 24 hours after a 
stroke, approximately 3000 lncRNAs are differentially 
expressed, and alterations in lncRNA expression from 
24 hours to 7 days after IS has been reported  (17). Zhu 
et al. (7) reported up-regulation of MIAT in IS patients 
and its correlation with National Institutes of Health 
Stroke Scale (NIHSS) scores and modified Rankin 
Scale (mRS). 

The receiver operating characteristic (ROC) curve is a 
probability curve used in binary classification to assess a 
model’s ability to distinguish between positive and negative 
classes at different threshold levels. The area under the 
curve (AUC) represents the degree of separability between 
the classes. The potential marker of MIAT expression for 
IS diagnosis was indicated by ROC curves with 0.84 AUC. 
Also, MIAT expression led to apoptosis of neural cells in 
IS rats (18), and it has been shown to play a vital role 
in the development of microvascular dysfunction (9) and 

up-regulation of proinflammatory cytokines in diabetes 
mellitus (19). 

Based on the findings from these studies, we selected 
rs1894720 across the whole MIAT locus with the 
hypothesis that the suppressive effect of this SNP with 
GT or/and TT genotypes on MIAT expression could have 
a protective impact on IS. In recent years there has been 
a growing demand for identifying disease-associated 
SNPs and lncRNAs. This study aimed to explore the 
relationship between the rs1894720 SNP and lncRNA 
MIAT expression and risk of IS in Iranian patients. We 
also compared circulating MIAT levels in IS patients at 
different times (0-24, 24-48, and 48-72 hours) after stroke 
onset, different types of strokes, and various genotypes. 
The association between MIAT expression with clinical 
characteristics and genotype as well as its potential as a 
diagnostic marker for IS was also assessed. 

Materials and Methods 
Study subjects

This was a case-control study of 232 patients and 
232 controls conducted from August 2018 to august 
2019 at Namazi Hospital, Shiraz, Iran. Recent, 
initial diagnosis of IS with symptom onset within 
24 hours comprised the inclusion criterion. Board 
certified neurologists obtained the patients’ histories, 
and conducted examinations and assessments to 
confirm the IS diagnosis. Patient histories involved a 
thorough interview to gather information about past 
medical conditions, medications, and family history 
of neurological disorders. Examinations included 
a physical exam to assess neurological function, 
such as muscle strength, reflexes, coordination, 
and sensory perception. All patients underwent 
either a brain computed tomography (CT), magnetic 
resonance imaging (MRI), or both to distinguish the 
infarction area and exclude the possibility of cerebral 
haemorrhaging. IS was defined according to the World 
Health Organization criteria (20). Patients with head 
trauma, subarachnoid, or intracerebral haemorrhaging 
were excluded from this study. Patients with vasculitis, 
arterial dissection, fibromuscular dysplasia, transient 
ischemic attack, Moyamoya disease, sickle cell disease, 
different malignancies, or severe inflammation were 
also excluded. 

The control group consisted of a representative 
sample of the Shiraz population, randomly selected 
from neighbours who resided closest to the cases and 
who matched the patients in terms of gender and age. 
All subjects in this study ranged from 32-90 years 
of age. Individuals with specific illnesses, brain 
disorders, or previous strokes were excluded from the 
control group. 

We identified hypertension (Htn) and diabetes mellitus 
according to defined criteria (21). The stroke severity 

https://www.google.com/search?client=firefox-b-d&sxsrf=ALeKk01Pl-qJib9wIBiY1Xv__ORqsgOgcQ:1585991389621&q=Moyamoya+disease&spell=1&sa=X&ved=2ahUKEwjYqZSrts7oAhUjZxUIHeEWBIAQkeECKAB6BAgQECQ
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was evaluated by NIHSS score at admission, such that 
increased severity had higher scores (22). The functional 
outcomes were assessed according to the mRS score at 
three and six months after admission (blinded to MIAT 
levels). The mRS is a single-item global outcome scale 
used to assess the functional independence of patients after 
stroke.  Rather than evaluating the observed performance 
of a specific task, the mRS categorises the patient’s level 
of autonomy based on their ability to perform activities 
they were able to do before the stroke. The mRS defines 
seven grades of disability, ranging from 0 to 6. Grade 0 
indicates no symptoms, while grade 6 indicates death 
(23). In our study, we considered an mRS score of 3-6 
as an unfavourable functional outcome and the mRS 
score of 0-2 as a favourable outcome six months after the 
stroke. IS patients were categorised according to TOAST 
classification: cardioembolism (CE), small-vessel 
disease (SVD), large artery atherosclerosis (LAA), other 
determined aetiology (OD), and undetermined aetiology 
(UD) (24). 

The Islamic Azad University at Kazeroon, Iran Ethics 
Committee (IR.IAU.KAU.REC.1398.037) approved this 
study. All participants completed an informed consent (or 
their proxy respondents) prior to study enrolment. Blood 
samples were obtained from 232 study patients admitted 
at three different time points [0-24 (n=80), 24-48 (n=78), 
and 48-72 (n=74) hours] after onset of initial stroke 
symptoms.

Rs1894720 single nucleotide polymorphism genotyping 
and measurement of the MIAT lncRNA levels

We used the Favorgen Kit (Taiwan) for DNA extraction. 
Additionally, the Tetra-ARMS PCR method was 
employed because it is a fast, inexpensive, and accurate 
method to assess SNP (25). Primer Express software 
v.3.0 (Applied Biosystems, Foster City, CA, USA) 
and the Primer1 program (LAMP web server at: http://
primer1.soton.ac.uk/primer-1.html) was applied to design 
and analyse the oligonucleotide primers. The annealing 
temperature was 65°C for 30 seconds. The following 
primers were used to detect the rs1894720 polymorphism 
in the lncRNA MIAT. 
Forward outer (FO): 
5´TTGGAGAAACTAGAGGCCTGACAGTCG3´
Reverse outer (RO): 
5´TAGGTTAATCACACCATGCAACACTGCC3´
Forward inner (FI): 
5´CAATAAATAGGGAAGCAACATGCTTTTAGG3´
Reverse inner (RI): 
5´AATCAACCCTAACCACATGGACCCCGA3´

SNP was located at chromosome 22:26671261. The 
size of products included the outer primers (421 bp), G 
allele (189 bp), and T allele (288 bp). The outer primers 
are not allele specific and are used to amplify the region 
that comprises the SNP. 

RNA was extracted from whole blood samples with 
an RNA extraction kit (Favorgen, Taiwan) according 
to the manufacturer’s instructions. RNA samples that 
had A260/A230 and A260/A280 ratios greater than 1.7 
were chosen for cDNA synthesis. The quantitative real-
time PCR test was used to measure the level of lncRNA 
MIAT. A Quantstudio 3 Real-time PCR system (Applied 
Biosystems, Foster City, CA, USA) was used with the 
following primers:
MIAT-
F: 5´- TCCCATTCCCGGAAGCTAGA -3´
R: 5´- GAGGCATGAAATCACCCCCA -3´

We used primers from previous studies for the TATA 
box-binding protein (TBP) (26). Cycle threshold (Ct) 
values were used to present variations in expression levels. 
The Ct difference between TBP and MIAT was shown by 
ΔCt. Relative MIAT expression level was defined using 
2−ΔCt for each subject.

Statistical analysis

The chi-square test was used to assess Hardy-
Weinberg equilibrium (HWE) in the control group. 
The independent two-sample t-test and a chi-square 
test were used to evaluate the differences between 
numeric variables and categorical data, respectively. 
The association between the risk of IS and MIAT 
polymorphisms was shown by the odds ratio (OR) and 
corresponding 95% confidence interval (CI). Logistic 
regression analyses were conducted to evaluate MIAT 
expression levels and clinical parameters between the 
cases and controls. Analysis of variance (ANOVA) was 
used to compare the MIAT expression levels between 
different time points after stroke and various types 
of IS. MIAT expression levels are shown as mean ± 
SE. Relationships between MIAT levels and clinical 
parameters and genotypes were tested using subgroup 
analysis and linear regression.  We used the Spearman 
correlation to assess for correlations between stroke 
severity and MIAT levels. Diagnostic and prognostic 
potential was assessed by ROC curve analysis with 
AUC serving as a measure of performance. Analysis 
was performed with SPSS software version 19.0 (IBM 
SPSS Inc., USA) and GraphPad Prism 5.0 (GraphPad 
Software, Inc., La Jolla, CA, USA). P<0.05 indicated 
statistical significance.

Results
Participants’ demographic and clinical parameters

The case group included 232 IS patients comprised of 
94 females (40.5%) and 138 males (59.5%) who were 32 
to 90 years of age (65.90 ± 14.44 years). Table 1 lists the 
demographic and clinical characteristics of all subjects. 
The laboratory results showed a significant difference 
between the cases and controls in terms of low-density 
lipoprotein (LDL) and high-density lipoprotein (HDL) 
levels.
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Table 1: Demographic and clinical characteristics of the studyparticipants

Characteristics IS patients Controls P value

(n=232)  (n=232)

Male 138 (59.48) 138 (59.48) 0.99a

Female 94 (40.51) 94 (40.51)

Age (Y) 65.90 ± 14.44 65.90 ± 14.44 0.99b

BMI (kg/m2) 25.99 ± 4.37 26.24 ± 4.48 0.68b

Htn <0.001a

   Yes 134 (57.75) 62 (26.72)

   No 98(42.24) 170 (73.27)

Diabetes 0.002a

   Yes 72 (31.03) 32 (13.79)

   No 160 (68.96) 200 (86.20)

Smoking <0.001a

   Yes 70 (30.17) 16 (6.89)

   No 162 (69.82) 216 (93.10)

Drinking 0.003a

   Yes 34 (14.65) 6 (2.58)

   No 198 (85.34) 224 (96.55)

HLP 0.003a

   Yes 82 (35.35) 42(18.10)

   No 150 (64.65) 190(81.89)

TG (mg/dL) 138.72 ± 61.29 135.68 ± 64.03 0.71b

TC (mg/dL) 149.37 ± 67.28 153.71 ± 35.206 0.51b

LDL (mg/dL) 99.61 ± 37.71 84.99 ± 30.41 0.001b

HDL (mg/dL) 49.37 ± 28.8 43.60 ± 10.9 0.04b

TOAST classification 

   LAA 68 (29.31)

   SVD 52 (22.41)

   CE 54 (23.27)

   UD 58 (25.00)

NIHSS (admission)

   ≤6 128 (55.17)

   ≥7 104 (44.83)

mRS (3 months)

   0-2 68 (29.31)

3-6 164 (70.68)

Data are shown as mean ± standard deviation (SD) or n (%). Htn was defined 
as systolic blood pressure ≥140 mmHg and/ or diastolic blood pressure 
≥90 mmHg or the use of antihypertensive agents. Diabetes mellitus was 
diagnosed based on the following criteria: two fasting glucose levels >126 
mg/dl (7.0 mmol/L) and two hours post-load glucose >200 mg/dl (11.1 
mmol/L) or treatment with hypoglycaemic drugs. a; Chi-square test, b; 
Independent two-sample t test, IS; Ischemic stroke, BMI; Body mass index, 
TG; Triglycerides, TC; Total cholesterol, LDL; Low-density lipoprotein, 
HDL; High-density lipoprotein, NIHSS; National Institutes of Health Stroke 
Scale, mRS; Modified Rankin Scale, LAA; Large artery atherosclerosis, 
SVD; Small-vessel disease, CE; Cardioembolism, UD; Undetermined, HLP; 
Hyperlipidaemia, and Htn; Hypertension. 

MIAT rs1894720 polymorphism and the risk of 
ischemic stroke

PCR product size for lncRNA MIAT rs1894720 
polymorphism was 189 bp for the G allele, 288 bp for 
the T allele, and 421 bp for the internal control on 2% 
agarose gel (Fig.1). Allele frequencies and genotypes 
of the MIAT rs1894720 polymorphism were evaluated 
in both cases and controls (Table 2). We did not find 
any significant differences in allele frequency of 
the MIAT gene between the case and control groups 
(P=0.69). In addition, the patients with IS were 
genotyped as GG (n=28), GT (n=188), and TT (n=16). 
The GT genotype was associated with a 3.53-fold 
increase in IS risk in a codominant model (OR=3.53, 
95% CI=2.13-5.84, P<0.001). In the dominant model, 
the GT+TT genotypes were associated with a 2.60-
fold higher risk of IS (OR=2.60, 95% CI=1.59–4.25, 
P<0.001). Also, in the over-dominant model, the 
GT genotypes were related to a 4.27-fold higher 
risk of IS (OR=4.27, 95% CI=2.82-6.48, P<0.001). 
The MIAT rs1894720 polymorphism was associated 
with a 0.24-fold decrease in IS risk in the recessive 
model (TT vs. GG+GT genotypes) (Table 2). No 
significant deviations from the HWE were observed 
in the rs1894720 polymorphism in the control group 
(P=0.05).

Fig.1: Tetra-primer ARMS-PCR for the detection of lncRNA MIAT rs1894720 
polymorphism. The product sizes were 189 bp for the G allele, 288 bp for 
the T allele, and 421 bp for the internal control. lncRNA; Long non-coding 
RNA.

Alterations in the level of MIAT lncRNA in ischemic 
stroke patients relative to controls

Figure 2A shows a significantly high expression 
level of MIAT in all IS patients relative to controls 
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(3.08 ± 0.26 vs. 1.05 ± 0.09, P<0.001). Figure 2B 
shows significant up-regulation of MIAT expression 
in IS patients compared to the controls at 0–24 hours 
(2.98 ± 0.43 vs. 1.01 ± 0.16), 24-48 hours (3.61 ± 0.53 
vs. 1.1 ± 0.19), and 48-72 hours (2.63 ± 0.38 vs. 1.04 
± 0.13) (all P=0.001). MIAT up-regulation remained 
elevated until 72 hours after stroke onset. There was 
no significant difference between MIAT expression at 
the three time points [F (2, 113)=1.137, P=0.3246].  
Further analysis revealed that MIAT expression was 
significantly (P<0.05) lower in IS patients who had 
the rs1894720 (GT) polymorphism relative to the GG, 
TT genotypes, 2.82 ± 0.25 vs. 4.18 ± 0.87, respectively 
(Fig.2C). We found significant MIAT up-regulation in 
LAA (P<0.001), SVD (P<0.01), CE (P<0.01), and UD 
(P<0.05) IS relative to the controls, while there were 
no significant differences between MIAT levels in the 
four subgroups [F (3, 112)=1.932, P=0.12] (Fig.2D). 
Logistic regression analysis demonstrated a positive 
association between MIAT expression and the risk of 
IS. The increase in MIAT score remained significant 

even after adjusting for related variables of body 
mass index (BMI), Htn, diabetes, hyperlipidaemia 
(HLP), alcoholism, and smoking (P<0.001; adjusted 
OR=1.599; 95% CI=1.21-1.99).

Association of MIAT expression with clinical 
parameters, genotype, and type of stroke

We used subgroup analyses to assess the correlation 
between MIAT expression with clinical parameters and 
genotype (Table 3). MIAT up-regulation was found 
in the Htn and diabetes subgroups (P<0.01), as well 
as in the HLP and GT genotype subgroups (P<0.05). 
However, no significant differences were found 
regarding sex, age, BMI, NIHSS, mRS, smoking, and 
alcoholism.  In addition, linear regression analysis was 
employed to identify the association between lncRNA 
MIAT levels and clinical parameters, as well as stroke 
types, in the cohort of 232 patients (Table 4). There 
was a significant positive relationship between MIAT 
expression with diabetes (P=0.01), Htn, (P=0.005), 
drinking (P=0.04), and LAA (P=0.01) in IS patients.

Table 2: Distribution of genotypes, allele frequency of the rs1894720 MIAT gene polymorphism and OR with 95% CI in cases and healthy controls

Inheritance rs1894720 Cases Controls OR (95% CI) P value

Model Polymorphism (%) (%)

Codominanta GG 28 (12.06) 61 (26.29) 1

GT 188 (81.03) 116 (50) 3.53 (2.13-5.84) <0.001

TT 16 (6.89) 55 (23.71) 0.63 (0.31-1.29) 0.20

Dominantb GG 28 (12.06) 61 (26.29) 1

GT+TT 204 (87.93) 171 (73.71) 2.60 (1.59-4.25) <0.001

Recessivec GG+GT 216 (93.10) 177 (76.29) 1

TT 16 (6.89) 55 (23.71) 0.24 (0.13-0.43) <0.001

Over-dominantd GG+TT 44 (18.96) 116 (50) 1

GT 188 (81.03) 116 (50) 4.27 (2.82-6.48) <0.001

G  244 (52.58)  238 (51.29) 1

T 220 (47.41) 226 (48.70) 0.94 (0.73-1.22) 0.69

The relationship of each SNP with case/control status was determined by employing unconditional logistic regression analyses. The association 
between the risk of IS and MIAT polymorphisms is shown by OR and the corresponding 95% CI. IS; Ischemic stroke, OR; Odds ratio, CI; Confidence 
interval, SNP; Single nucleotide polymorphism, a; Codominant: Major allele homozygotes vs. heterozygotes, b; Dominant: Major allele homozygotes vs. 
heterozygotes+minor allele homozygotes, c; Recessive: Major allele homozygotes+heterozygotes vs. minor allele homozygotes, and d; Over-dominant: 
Major allele homozygotes+minor allele homozygotes vs. heterozygotes. 
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Spearman correlation of lncRNA MIAT with 
National Institutes of Health Stroke Scale in 
ischemic stroke

The level of MIAT expression in patients showed 
a positive, nonsignificant correlation with NIHSS 
scores (r=0.03, P=0.61). We found a difference in the 
correlation of MIAT expression between IS patients 
with rs1894720 (GT) and patients with other genotypes 
(GG, TT). We found a Pearson’s correlation coefficient 

close to zero in patients with the GT genotype, which 
indicated no correlation between the variables (r=0.05, 
P=0.59) and a positive nonsignificant linear weak 
correlation in patients with the GG, TT genotype (r=0.38, 
P=0.07). In patients with the GT genotype, decreased 
MIAT expression did not have any significant relationship 
between MIAT level and NIHSS score. Patients with the 
GG, TT genotype and a higher MIAT level had a weak 
positive correlation between MIAT level and NIHSS.

Fig.2: The expression levels of MIAT in different subgroups. A. Independent Student’s t test revealed that in all IS patients, lncRNA MIAT levels were 
significantly higher than in the controls. B. At 0-24, 24-48, and 48-72 hours after stroke, the blood levels of lncRNA MIAT in IS patients was higher than 
the age-sex matched controls. There were no significant differences in MIAT levels between these three time points. C. Comparison of MIAT levels 
between two subgroups of patients with different genotypes GT relative to GG, TT. D. MIAT levels in the LAA, CE, SVD, and UD groups were significantly 
higher than in the matched controls. One-Way ANOVA analysis showed no differences among types of strokes. Results are expressed as mean ± SEM. 
*; P<0.05, **; P<0.01, ***; P<0.001, IS; Ischemic stroke, lncRNA; Long non-coding RNA, LAA; Large artery atherosclerosis, SVD; Small-vessel disease, CE; 
Cardioembolism, ANOVA; Analysis of variance, CTRL; Control, UD; Undetermined, SVO; Small vessel occlusion, and h; Hour.

A
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Table 3: Association between clinical parameters and genotype with lncRNA MIAT levels in IS patients

Characteristics Number      Mean ± SD t P value

Sex  0.161 0.82

   Male 138 3.12 ± 2.83

   Female  94 3.03 ± 2.93

Age (Y)  0.350 0.93 

   <70 130 2.86 ± 2.43

   ≥70 102 3.36 ± 3.35

BMI (kg/m2)  0.680 0.49 

   <24 82 3.23 ± 3.06

   ≥24 150 2.95 ± 2.75

NIHSS  1.513 0.13 

   ≤6 128 2.72 ± 2.16

   ≥7 104 3.52 ± 3.51

 mRS (admission)   1.406 0.16

   0-2 66 2.94 ± 1.68

   3-6 166 3.31 ± 3.19

mRS (6 months) 0.492 0.62

   0-2 148 3.18 ± 2.98

   3-6 84 2.91 ± 2.66

mRS (3 months)      0.550   0.58

   0-2 122 2.97 ± 2.91

   3-6 110 3.27 ± 2.84

Smoking  0.233 0.81

  Negative 162 3.125 ± 3.11

   Positive 70  2.98 ± 2.22

Alcoholism  1.85 0.06 

   Negative 198 2.88 ± 2.53

   Positive 34 4.25 ± 4.21

Hypertension  2.47 0.008**

  Negative                98 2.33 ± 1.69

   Positive 134 3.63 ± 3.38

HLP  1.88  0.03* 

   Negative 150 2.41 ± 1.83   

   Positive 82 3.45 ± 3.24

Diabetes   2.74 0.007**

   Negative               160 2.02 ± 1.44

    Positive 72 3.56 ± 3.20

Genotype                 2.029 0.04*

   GT 188 2.82 ± 2.45

   GG, TT 44 4.18 ± 4.09

The data were analysed using the Student’s t test. P<0.05 indicates statistical significance.IS; Ischemic stroke, lncRNA; Long non-coding RNA, BMI; Body 
mass index, mRS; Modified Rankin Scale, NIHSS, National Institutes of Health Stroke Scale, and HLP; Hyperlipidaemia. 
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Table 4: Linear regression analysis for the association between clinical 
parameters, type of stroke, and genotypes with lncRNA MIAT levels 

in IS patients

Variables Beta 95% CI P value

Genotypes -0.106 -2.081 0.536 0.24

Age (Y) -0.040 -0.046 0.030 0.68

Sex 0.093 -0.570 1.655 0.33

HLP 0.139 -0.259 1.916 0.13

DM 0.228 0.264 2.544 0.01

Htn 0.254 0.453 2.481 0.005

Smoking -0.088 -1.726 0.639 0.36

Drinking 0.194 0.060 3.067 0.04

NIHSS -0.009 -0.086 0.078 0.92

LAA 0.277 0.394 3.083 0.01

SVD 0.176 -0.292 2.704 0.11

CE 0.135 -0.607 2.426 0.23

Linear regression analysis was done. Bold values denote statistical 
significance at the P<0.05 level. lncRNA; Long non-coding RNA, IS; 
Ischemic stroke, NIHSS; National Institutes of Health Stroke Scale, Htn; 
Hypertension, HLP; Hyperlipidaemia, LAA; Large artery atherosclerosis, 
SVD; Small-vessel disease, CE; Cardioembolism, UD; Undetermined, and 
DM; Diabetes mellitus.

Diagnostic potential ,prediction of functional outcome, 
and  mortality  of  MIAT expression level in ischemic 
stroke

The potential diagnostic marker of lncRNA MIAT was 
assessed by ROC curve analysis. The results indicated that 
MIAT is a potential marker with an AUC of 0.82 ± 0.026 
(95% CI=0.776-0.881, Fig.S1A, See Supplementary 
Online Information at www.celljournal.org), with a 
sensitivity and specificity of 80.17 and 67.24%, respectively 
(P<0.001). MIAT levels showed high diagnostic potential 
for IS. In our study, patients with an mRS score of 3-6 
within six months after stroke were considered to have 
an unfavourable functional outcome.  We did not find a 
significant predictive prognosis of MIAT levels when we 
analysed the ROC curve for negative outcomes relative to 
a favourable outcome with an AUC of 0.60 ± 0.05 (95% 
CI=0.447-0.657, Fig.S1B, See Supplementary Online 
Information at www.celljournal.org). The sensitivity and 
specificity were 70.37 and 45.16%, respectively.

At the six month follow-up, 56 cases (24.13%) were 
deceased. Survivors had lower MIAT expression levels 
than the deceased patients; however, this difference was 
insignificant. Among other factors, age, BMI, NIHSS 
score, and mRS score significantly differed between the 
surviving and deceased patients. MIAT expression did not 
show any significant potential for prediction of six month 
mortality. The AUC was 0.60 ± 0.06 (95% CI=0.459-
0.717, Fig.S1C, See Supplementary Online Information at 
www.celljournal.org), with a sensitivity and specificity of 
90.00 and 35.42%, respectively. 

Discussion
This study represents an association of MIAT 

rs1894720 (GT) with a higher risk of IS in Iranian 
subjects (OR=3.53, 95% CI=2.13-5.84, P<0.001). We 
observed elevated MIAT levels in all of the patients 
compared to the controls. In contrast, patients with 
the GT genotype exhibited significantly lower MIAT 
expression levels compared to those with the GG and 
TT genotypes. The rs1894720 polymorphism is one 
SNP in the MIAT locus, and previous studies have 
shown an association with MIAT down-regulation in 
the GT and TT genotypes (14, 16).  The rs1894720 SNP 
(GT, TT) in chronic disorders such as schizophrenia 
and cataracts may be related to a reduction in MIAT 
expression compared to healthy subjects (10, 14). 
The lower MIAT expression in GT patients relative 
to the GG, TT may be related to the MIAT rs1894720 
SNP (GT). IS CT an acute neurological disorder, and 
different factors after cerebral hypoxia acutely and 
severely alter the expressions of several thousand 
lncRNAs (17). Cerebral ischemia is an important 
factor that acutely increases the circulating level of 
MIAT in IS patients (7), while the possible suppressive 
effect of MIAT rs1894720 SNP on MIAT expression 
could reduce MIAT levels in IS patients with the GT 
genotype relative to GG, TT. The suppressive effect of 
MIAT on the expressions of microRNAs-26b and -29b 
was previously reported (10, 16). MIAT expression 
could be down-regulated due to the GT genotype, and, 
therefore cause an increase in the expressions of genes 
that induce neuronal cell death, such as caspase-3, by 
enhancing miRNA-26b (10). In order to confirm this 
result, further research needs to be conducted on a 
larger sample size by analysing plasma microRNAs. 

The positive association between MIAT expression 
and cardiovascular diseases [9], as well as 
atherosclerosis (27), confirms our result about the 
correlation of lncRNA MIAT with LAA stroke. Yan 
et al. reported the involvement of lncRNA MIAT 
in the pathogenesis of microvascular diseases and 
angiogenesis (9). lncRNA MIAT is highly expressed in 
atherosclerotic plaque (28). MIAT/miR-149-5p/CD47 
is a vital macrophage pathway in the growth of necrotic 
atherosclerotic plaques (29). Therefore, it is possible 
that the high expression of MIAT in atherosclerotic 
plaques may be down-regulated in subjects with MIAT 
rs1894720 (GT) and this leads to a decrease in the 
growth of atherosclerotic plaques and the risk of IS. 
Further investigation in patients with atherosclerosis 
is needed to confirm this result.

In this study, we demonstrated up-regulated MIAT 
expression after a stroke. Zhu et al. (7), for the first time, 
showed significant up-regulation in MIAT expression 
levels at 0–24 and 24–48 hours after stroke symptoms. In 
this study, we evaluated the MIAT expression level until 
72 hours. The changes in expression levels of different 
lncRNAs were observed to seven days after a stroke 
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(17).  Yan et al. (9) showed that up-regulation of MIAT 
was associated with retinal neovascularization, vascular 
leakage, inflammation, and endothelial dysfunction 
through the miR-150-5p/VEGF network. Endothelial 
cell injury is the first step in cardiovascular disease (30). 
Moreover, Vausort et al. (31) reported a correlation in 
peripheral MIAT expression levels with a marker of 
myocardial infarction. Another study showed that lncRNA 
MIAT, as a profibrotic factor, regulates cardiac fibrosis 
and cardiac function in myocardial infarction (8). MIAT 
is localized to specific neurons in the nervous system, 
including the large cortical neurons and the CA1 region 
of the hippocampus (32). Neurovascular dysfunction 
and inflammation can be related to IS pathogenesis 
(33). Additionally, MIAT expression was associated 
with high-sensitivity C-reactive protein (CRP, r=0.309, 
P<0.001) as an inflammatory marker in IS patients (7), 
and neurovascular remodelling in the brain was related to 
MIAT expression (34). These studies indicated that MIAT 
could encourage IS progression.

The up-regulated MIAT in our patients showed a non-
significant positive correlation with stroke severity, 
whereas Zhu et al. (7) reported a significant association 
between lncRNA MIAT levels and NIHSS scores. In our 
research, subgroup analysis and linear regression did 
not show a significant correlation between MIAT and 
NIHSS score, whereas we found a Pearson’s correlation 
coefficient close to zero in patients with the GT genotype, 
which indicated the lack of an association between the 
variables and a positive non-significant linear correlation 
in GG, TT patients. MIAT expression was lower in our 
GT patients relative to GG and TT. Thus, according to 
the possible suppressive effect of this SNP on MIAT 
expression, it is possible that in Iranian patients, we 
could not see a significant positive correlation between 
MIAT expression and NIHSS score. On the other hand, 
in the Zhu et al. (7) study, 177 patients were within the 
first 24 hours and only 12 cases were in the 24-48 hours 
post-stroke onset. Therefore, the positive association 
between MIAT expression and stroke severity in their 
study mainly belonged to the expression level of MIAT 
at 0-24 hours, and this time may be an optimal time 
window for expression of MIAT. In our study, there were 
78 patients within 24 hours of acute IS; more sample sizes 
are required and that can show a positive association. It 
seems that this sample size could show a significant 
elevation in MIAT expression relative to the control. In 
different types of IS stroke, MIAT was equally expressed 
at a high level, and this also supports the results by Zhu et 
al. (7). In our study, we detected a significant association 
between MIAT expression with types of strokes (LAA) 
and atherosclerotic risk factors. 

In our study, MIAT expression may be a potential 
biomarker for IS diagnosis (AUC=0.82). MIAT is highly 
expressed in neural cells and the peripheral blood of 
patients, and it could be considered a biomarker for IS 
(35) and myocardial infarction (36).

The results of recent studies have demonstrated 
an involvement of lncRNAs in the pathogenesis and 
progression of human diseases, as well as their critical 
regulatory functions. Additionally, genetic variations in 
lncRNAs have been associated with the risk of various 
diseases. lncRNAs are potential biomarkers for stroke 
diagnosis because they are relatively stable biomolecules 
that can withstand various conditions such as pH, 
extreme temperatures, and enzymatic breakdown. This 
stability makes them promising as diagnostic markers 
that can be detected in multiple body fluids, including 
blood, cerebrospinal fluid, and urine (37). lncRNAs 
are expressed differently in stroke patients compared 
to healthy controls and those with other neurological 
disorders. This differential expression can be used to 
identify specific lncRNAs that are associated with stroke 
and can serve as diagnostic markers (38). lncRNAs can 
be detected in various body fluids without requiring 
invasive procedures, such as tissue biopsies, which can be 
uncomfortable and risky for patients (39). Furthermore, 
many researchers have found that lncRNAs can be 
good candidates for molecular biomarkers due to high 
specificity and sensitivity (40). 

This study showed that MIAT rs1894720 polymorphism 
correlated with a higher risk of IS. The present results 
supported our hypothesis and it estimated, for the first 
time, an association between SNPs in MIAT and IS risk. 
Additional studies in larger populations are needed to 
confirm these results. 

Genetic association research is becoming increasingly 
important to identify the genetic underpinnings of complex 
disorders. Advances in genomics have made it possible to 
stratify patients according to molecular features thought 
to play important roles in pathogenesis. Therefore, the 
diagnosis and treatment of a disease may depend on 
an individual’s gene expression pattern. Personalized 
medicine is particularly important in the field of IS for 
improving diagnostic and treatment strategies. 

This study has certain limitations. More accurate 
results can be detected with larger sample sizes. In 
addition, there are other polymorphisms in lncRNA 
MIAT that need to be investigated. We assessed MIAT 
expression without performing a full transcriptome 
analysis. lncRNA MIAT expression levels were 
detected in whole blood samples, but not in serum, 
PBMCs or plasma. Therefore, the origin of lncRNA 
is still unknown. In addition, we did not evaluate the 
association of inflammatory biomarkers such as CRP, 
IL-6, and TNF-α with lncRNA MIAT.

Conclusion

The use of blood-based biomarkers is a valuable 
way to evaluate the risk and prognosis of IS. Our study 
demonstrated that rs1894720 polymorphism (GT) may 
increase the risk of IS. At different time points, higher 
levels of MIAT expression were found in IS patients 
compared with controls. Therefore, this study indicates 
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that the presence of lncRNA MIAT in whole blood could 
be a diagnostic biomarker for IS. Further investigation 
of the association between this polymorphism and IS in 
the larger Iranian population is required to validate these 
findings. 
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Abstract
Objective: Wound healing is a complex process involving the coordinated interaction of various genes and molecular 
pathways. The study aimed to uncover novel therapeutic targets, biomarkers and candidate genes for drug development 
to improve successful wound repair interventions.  
Materials and Methods: This study is a network-meta analysis study. Nine wound healing microarray datasets obtained 
from the Gene Expression Omnibus (GEO) database were used for this study. Differentially expressed genes (DEGs) 
were described using the Limma package and shared genes were used as input for weighted gene co-expression 
network analysis. The Gene Ontology analysis was performed using the EnrichR web server, and construction of a 
protein-protein interaction (PPI) network was achieved by the STRING and Cytoscape. 
Results: A total of 424 DEGs were determined. A co-expression network was constructed using 7692 shared genes 
between nine data sets, resulting in the identification of seven modules. Among these modules, those with the top 20 
genes of up and down-regulation were selected. The top down-regulated genes, including TJP1, SEC61A1, PLEK, 
ATP5B, PDIA6, PIK3R1, SRGN, SDC2, and RBBP7, and the top up-regulated genes including RPS27A, EEF1A1, 
HNRNPA1, CTNNB1, POLR2A, CFL1, CSNk1E, HSPD1, FN1, and AURKB, which can potentially serve as therapeutic 
targets were identified. The KEGG pathway analysis found that the majority of the genes are enriched in the "Wnt 
signaling pathway". 
Conclusion: In our study of nine wound healing microarray datasets, we identified DEGs and co-expressed modules 
using WGCNA. These genes are involved in important cellular processes such as transcription, translation, and post-
translational modifications. We found nine down-regulated genes and ten up-regulated genes, which could serve as 
potential therapeutic targets for further experimental validation. Targeting pathways related to protein synthesis and cell 
adhesion and migration may enhance wound healing, but additional experimental validation is needed to confirm the 
effectiveness and safety of targeted interventions.
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Introduction
Wounds are a common occurrence in everyday life and 

can result from a variety of causes, including trauma, 
surgery, and chronic conditions such as diabetes. The 
restoration of tissue integrity and function is an essential 
process of wound healing, and involves a complex 
interplay of genes, proteins, and molecular pathways (1). 
Understanding its molecular mechanisms may develop 
effective therapeutic interventions, while promoting a 
successful tissue repair.

Previous studies have demonstrated the potential of 
using omics data from non-wound healing patients to gain 
insights into the molecular mechanisms in wound healing 
and related diseases. By identifying key genes and genetic 

variants associated with chronic wounds, researchers can 
gain a better understanding of the underlying biological 
processes and potentially develop more effective 
treatments and therapies for these conditions (2). To 
gain a better understanding of wound healing processes 
and ultimately to achieve better methods of wound 
management and treatment, we need newer and better 
qualified network-based methods besides laboratory data 
analysis based on statistical tests.

By doing this study, we can view wounds as distressed 
molecular networks which arrange the tools for exploring 
and enhancing the healing process. It leads to improved 
consideration of the process complication such as (A) 
the molecular pathways linked to wound healing, (B) the 
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pathway interactions through various stages of wound 
healing, and also (C) the probability of holding the 
mechanism of regulatory interactions of wound healing. 

Material and Methods
Gene Expression Omnibus datasets

This study is a network-meta analytical study. In this 
study, we included expression microarray datasets listed in 
the Gene Expression Omnibus (GEO) of the NCBI official 
website (https://www.ncbi.nlm.nih.gov/geo/) by the end 
of December 31, 2021. To find datasets reporting the data 
on expression levels of mRNAs in the wound healing, the 
following search keywords were used: human wound healing, 
omics, transcriptomic, genomic, wound repair, regeneration, 
wound repair, and genetic variation. This search strategy 
retrieved 7500 datasets. Our inclusion criteria were human 
subjects and high throughput microarray data. Further, the 
exclusion criteria were included: i. Samples which had 
any accompanying disease, ii. Subjects who received any 
treatments for wound healing, iii. Data derived from a cell 
line, and iv. Data derived from non-blood samples.

These datasets were manually screened for having data 
on skin and oral wound healing of human subjects. Manual 
screening only short-listed 65 datasets. These 65 datasets 
underwent quality control and were checked against a set 
of inclusion and exclusion criteria. 

Finally, only 9 datasets were selected and included in 
the present study, which, in total, contained data from 
73 patients and 42 healthy controls (a sum of 115 human 
subjects). The microarray datasets were all obtained from 
the GPL570, GPL96, and GPL8300 platforms of the GEO 

with the origin of skin and oral wounds. Table 1 provides 
the details of the datasets included in this study.

Data were analyzed using the Robust Rank Aggregation 
(RRA) method (|logFC [fold-change] | >1.5 and an 
adjusted P<0.001). Rank analysis was used to determine 
the total number of differentially expressed genes 
(DEGs). The expression data in our study were quality 
corrected and quantile normalized using the Affy package 
implemented in the R programming language (version 
4.0.2) (3). The datasets were integrated at mRNA levels 
using the random effect method (REM) and then up- and 
down-regulated expressed genes were identified by the 
MetaDE package in R (version 2.2.1) (4). A principal 
component analysis was performed on the merged data 
for normalization in order to exclude heterogeneous data. 
The MetaQC tool in R (version 0.1.13) (5) was used to 
assess the studies’ quality and consistency.

Data preprocessing and differential expression 
analysis

Initially, the preprocessing step for raw data were used 
the Robust MultiArray Averaging (RMA) method in 
the Oligo package in R (version 1.38.0) (6). According 
to the Platform annotation data, the probes, that lacked 
similar gene symbols were deleted. The gene expression 
value was calculated using the average value of the probes 
that were mapped to the same gene symbol. Genes with 
a |LogFC|>1.5 and an adjusted P<0.001 were identified 
as DEGs using the Linear Models for Microarray Data 
(Limma) tool in R (7)`zR#. The input data for weighted 
gene co-expression network analysis (WGCNA) were 
shared genes from nine datasets (8).

Table 1: Characteristics of selected datasets

No. Wound healing categories GEO ID Platform Number of subjects Subjects’ group

1 Skin and oral GSE21648 Affymetrix, GPL96 15 Patients

2 Skin GSE30355 Affymetrix, GPL570 10 Patients

3 Skin GSE7890 Affymetrix, GPL570 10 Patients (with no HT) 

4 Oral GSE28914 Affymetrix, GPL570 8 Patients 

5 Skin GSE63107 Affymetrix, GPL570 30 Patients 

6 Skin GSE11919 Affymetrix, GPL570 9 Normal subjects

7 Skin GSE440 Affymetrix, GPL8300 5 Normal subjects 

8 Skin GSE26487 Affymetrix, GPL8300 10 Normal subjects

9 Skin GSE427 Affymetrix, GPL8300 18 Normal subjects

GEO; Gene Expression Omnibus, ID; Identification, and HT; Hydrocortisone treatment.
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Construction of co-expression modules of datasets by 
WGCNA 

The WGCNA using the WGCNA package in R was 
undertaken to assess the relative significance expression 
of genes and their module memberships. Co-expression 
networks were established in our study using a soft 
threshold power in order to provide different modules 
with different expression patterns. The Pearson correlation 
coefficient was then used to analyze the weighted co-
expression connections in the adjacency matrix. The 
matrix was transformed into the Topological Overlap 
Matrix (TOM) using a similar function, and then used to 
assess the co-expression associations between genes. The 
networks were constructed by grouping numerous genes 
with comparable co-expression patterns. Consequently, 
the list of modules related to up- and down-regulated 
genes and their co-expressed genes were selected.

The protein-protein interaction network
The Search Tool for the Retrieval of Interacting Genes 

(STRING) version 11.5 (http://string-db.org/) (9). The 
web server was used to   acquire the protein-protein 
interaction (PPI) network. The Cytoscape was used to 
visualize the PPI network (v3.7.2; https://cytoscape.org 
(10); The Cytoscape Consortium, San Diego, CA). This 
phase included a list of the top-ranked up and down-
regulated genes and all desired modular genes.

Functional Annotation of differentially expressed 
genes and desired modules

The EnrichR, an interactive and collaborative HTML5 
gene list enrichment analysis tool, (https://maayanlab.
cloud/Enrichr/) (2) was used to perform Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) function enrichment analysis on DEGs. We also 
used linear regression analysis and the Limma package in 
R software to compare patients’ group with the group of 
normal subjects. After performing this analysis and using 
Lmfit analysis (Linear Models for Microarray Data) to 
fit the model in the data for each gene, we obtained an 
estimate of the regression coefficient of each gene, which 
was performed using both of  eBayes command (11) and 
Limma package in R software (version 3.18). In the linear 
regression model, we calculated the correlation coefficient 
by the concept of |logFC|>1.5 to compare each gene in the 
two groups, and the P<0.001 was regarded as statistically 
significant. 

Results
Identification of differentially expressed genes and 
selection of the top up and down-regulated genes

The final selected data of patients and healthy controls 
from GPL96 (GSE21648), GPL570 (GSE30355, 
GSE7890, GSE28914, GSE63107, GSE11919), and 
GPL8300 (GSE440, GSE26487, GSE427) platforms were 
entered into this study. In this data, 300 up-regulated and 
124 down-regulated genes were identified (Supplementary 

1 and 2, See Supplementary Online Information at www.
celljournal.org).

The expressions of these genes were significantly 
different (|logFC| >1.5 and adjusted P<0.001) between the 
patient group and healthy control group. Subsequently, 
we selected 9 down-regulated and 11 up-regulated genes. 
Down-regulated genes included TJP1, SEC61A1, PLEK, 
ATP5B, PDIA6, PIK3R1, SRGN, SDC2, and RBBP7. 
While, up-regulated genes comprised RPS27A, EEF1A1, 
HNRNPA1, RAN, POLR2A, CTNNB1, CFL1, CSNk1E, 
HSPD1, FN1, and AURKB. To assess data distribution 
following normalization, box plots of gene expression 
data were depicted (Fig.S1, See Supplementary Online 
Information at www.celljournal.org). Separate arrays in 
the box plots exhibited similar medians of expression 
level, showing that the adjustment was performed 
correctly. The Figure S1 (See Supplementary Online 
Information at www.celljournal.org) illustrated box 
plots of selected gene expression data before and after 
normalization. 

Table 2: Details of co-expressed modules with top up- and down-
regulated genes

Co-expressed module Up or down-regulation DEGs

Turquoise Down-regulation TJP1

Down-regulation SEC61A1

Down-regulation PLEK

Down-regulation ATP5B

Down-regulation PDIA6

Down-regulation PIK3R1

Down-regulation SDC2

Down-regulation RBBp7

Up-regulation POLR2A

Up-regulation CFL1

Up-regulation CSNk1E

Up-regulation AURKB

Blue Up-regulation HNRNPA1

Up-regulation CTNNB1

Up-regulation HSPD1

Up-regulation FN1

Brown Up-regulation RPS27A

Up-regulation EEF1A1

Yellow Down-regulation SRGN

DEGs; Differentially expressed genes.

http://string-db.org/
https://cytoscape.org
https://maayanlab.cloud/Enrichr/
https://maayanlab.cloud/Enrichr/
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Weighted gene co-expression network analysis  
In this study, a co-expression network was constructed 

using 7692 shared genes between nine datasets, 
and the WGCNA package was used to construct co-
expression modules. The scale independence and mean 
connectivity of modules were shown in Figure 1A, 
B. Generating a TOM, seven modules were identified 
(Fig.1C). The desired modules were identified 
according to the merged modules.

Identification of desired modules and establishing the 
protein-protein interaction network

Among the seven resulting modules described above, 
co-expressed modules of the 20 top genes of up and 
down-regulation (|logFC| >1.5 and adjusted P<0.001) 

were identified as desired modules (Table 2). Using 
the STRING database, the predicted PPI networks of 
desired modules were created (Fig.2). A PPI network 
of top up- and down-regulated genes is shown in 
Figure 3.

 Gene Expression and KEGG enrichment analysis of 
desired modules

The targeted modules were considerably enriched 
in common GO biological processes, cellular 
compartments, and molecular functions, according 
to the GO functional enrichment analysis (P<0.05). 
The KEGG pathway analysis revealed that most 
of the enriched genes are in the "Wnt signaling 
pathway". 

Fig.1: Soft-thresholding power and gene co-expression modules. A. WGCNA scale-free fit index analysis for various soft-thresholding powers (β). The 
appropriate soft-thresholding power=12 was chosen. B. Mean connectivity analysis of various soft-thresholding powers. C. Using average hierarchical 
linkage clustering to identify gene co-expression groups. The y-axis represents co-expression distance, and the x-axis represents genes. In the horizontal 
bar immediately below the dendrogram, modules are represented by different colors, with gray referring to unassigned genes.

A

C

B
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Fig.2: PPI Network. DEGs are presented in each module connecting with lines, which represent interacting proteins. Circles and lines represent genes and 
the interaction of proteins, respectively. PPI; Protein-protein interaction and DEGs; Differentially expressed genes.

Fig.3: PPI network of top genes. Up-regulated and down-regulated genes are illustrated in yellow and blue colors, respectively. PPI; Protein-
protein interaction.
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Fig.4: GO and KEGG findings of the DEGs. The length of each bar shows the 
level of importance in that category, as determined by the p value. Also, 
the intensity of color of the bars shows the strength of association with 
that category. Lower color intensity shows stronger association. GO; Gene 
Ontology, KEGG; Kyoto Encyclopedia of Genes and Genomes, and DEGs; 
Differentially expressed genes.

The four desired modules including turquoise, blue, 
brown and yellow modules were identified for DEGs, 
resulting from our GO analysis and KEGG findings 
(Supplementary 3 and 4, See Supplementary Online 
Information at www.celljournal.org).  

Discussion
An acute wound healing is a dynamic process that 

ultimately leads to the scar development. It seems that 
there are several signaling pathways and components 
involved in this process. One of these pathways is the 
β-catenin-dependent Wnt signaling, which becomes more 
active after a skin injury and the operation of exogenous 
Wnt3a (rmWnt3a). Wnt3a promotes the maturation of 
the wound matrix, re-epithelialization, and the formation 
of a scar (12). In keratinocytes and fibroblasts, Catenin 
beta 1(β-catenin) that coding by CTNNB1 has different 
effects, as it restricts the migration of keratinocytes while 
encouraging the proliferation of fibroblasts. This suggests 

that β-catenin may either impede or improve the healing 
process (13).

Likewise, the FN1 gene is present at all phases of wound 
healing. The FN1 gene provides instructions for making 
two types of the fibronectin-1 proteins, including soluble 
plasma fibronectin-1 (pFN1) and insoluble cellular 
fibronectin-1 (cFN). The pFN1 mainly functions in the 
early stages of wound healing to aid in forming clots. 
Platelets, via increased platelet binding site expression, 
aid in assembling plasma-derived FN1 into fibrillar 
matrices. Through locally expressed FN1 assembly, 
cellular-derived FN1 governs the latter phases of a tissue 
remodeling. The FN1 protein is linked to the collagen III 
matrices during the granulation stage; the temporary FN1 
matrix is then reconstructed into the collagen I matrix, 
which is surrounded by FN1 (14). 

The Cofilin-1 (CFL1) is an actin-remodeling protein 
that binds to G- and F-actins and induces a pH-sensitive 
depolymerizing activity that regulates cell motility during 
tissue repair (15). Both form of the CFL1 protein, including 
phosphorylated and dephosphorylated, were also detected 
in platelets, with the latter quantity corresponding to the 
later phases of platelet aggregation in wound healing, that 
indicated a newly dephosphorylated CFL1, might play an 
essential role in the cytoskeletal remodeling that happens 
during platelet aggregation, a critical step in the early 
stages of wound healing (16).

Many top-up-regulated genes are strongly associated 
with one of the four stages of wound healing processes, but 
in other conditions such as cancer, they are also involved 
in proliferation. For example, RPS27a (ribosomal 
protein S27a) plays a role in ribosome synthesis and 
protein post-translational modifications. The RPS27a 
gene has been discovered to have a significant role in a 
cell proliferation through proliferation stimulation, cell 
cycle progression control, and apoptosis suppression in 
leukemia cells (17). The POLR2A gene, which encodes 
the RNA polymerase II subunit A, is strongly associated 
with cancer development. Studies have demonstrated that 
POLR2A enhances the expression of cyclin and cyclin-
dependent kinases (CDKs) at different stages of gastric 
cancer, suggesting its involvement in promoting cell cycle 
progression (18). Further studies are required to establish 
conclusive evidence and its role in wound healing.

In addition, knocking down the eEF1A1 gene, 
eukaryotic elongation factor 1A1, has a notable impact 
on reducing proliferation and activation of apoptosis in 
Jurkat cells, which may be mediated via the PI3K/Akt/
NF-B and PI3K/Akt/mTOR signaling pathways (19). 
Remarkably, CSNk1E gene has been identified as a 
significant contributor to activated β-catenin signaling in 
cancer, suggesting that it might be a viable therapeutic 
target for malignancies that contain an active β-catenin 
protein (20). The heterogeneous nuclear ribonucleoprotein 
A1 (hnRNP A1) which encoded by HNRNPA1 gene, is a 
stress granule protein that plays an important role in the 
development, proliferation, and metastatic cancer cells 
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(21). So based on the research, there is a clear relationship 
between protein biogenesis and wound healing that could 
be a potential target for therapeutic approaches.

Furthermore, in the present study, nine genes of highest 
down-regulation rate were identified, including TJP1, 
SEC61A1, PLEK, ATP5B, PDIA6, PIK3R1, SDC2, 
RBBp7, and SRGN.

The PIK3R1 gene is one of the HIF-1α pathway-
associated genes, with a greater expression rate in the 
skin and the tongue (22). In a next-generation sequencing 
(NGS) experiment, PIK3R1 was found to be one of the 
down-regulated genes in irradiated mouse skin (23). 
Radiation-induced skin fibrosis is a typical complication 
of radiotherapy in the clinical practice. In this side effect, 
FOXO3 plays a key role as one of the central genes in 
causing radiation-induced skin fibrosis. Fibrosis is linked 
to the regulation of the FOXO3 gene, which plays a role 
in the P53 pathway and is involved in essential cellular 
processes such as apoptosis, cell survival, and the 
regulation of the cell cycle. Additionally, the PIK3R1 
gene can also regulate the expression of FOXO3 (24). 

In this background, the Syndecan-2 a protein in humans 
is encoded by the SDC2 gene. SDC2, is elevated during 
fibrosis alike other SDCs. It is produced by fibroblasts 
and stimulated by transforming growth factor β1 (TGFβ1) 
and insulin-like growth factor binding protein-3 (25). 
The SCD2 is among the up-regulated genes in the 
axolotl wound healing process, along with FN1, TGFβ1, 
and LTBP3. It is implicated as a mediator in the TGFβ-
signaling pathway (26). Similarly, in SCD2 knock-down 
mice, the loss of this protein resulted in impaired retinal 
artery development and vascular branching. In addition, 
the wound healing was problematic in these mice (27).

Likewise, research has demonstrated that lower gene 
expression in SRGN leads to decreased proliferation 
and impaired wound healing ability in endothelial cells 
(28). Also, in a study of a patient with severe congenital 
neutropenia with the de novo SEC61A1 mutation, which 
was reported for the first time, problematic wound healing 
was addressed as one of the symptoms causes (29). Studies 
of inflammatory genes and inflammatory processes in 
wound healing have shown that PLEK is one of the central 
inflammatory genes and acts as a signal transducer in the 
migration of polymorphonuclear neutrophilic granulocytes 
to skin lesions which are classified as up-regulated genes 
in this process (30).

The Tjp (ZO-1) protein, plays a crucial role in wound 
healing by regulating the assembly and disassembly of 
tight junctions, as well as promoting cell migration and re-
epithelialization (31). In a study that examined expression 
of genes at 48 hours, 72 hours, and five days after the wound 
healing process, the ATP5B gene, an expression reference 
gene, showed a minor stability in comparison with other 
twelve genes (32). The Retinoblastoma Binding Protein 
7 (RBBP7), may potentially engage in the early phases 
of wound healing by serving as a chromatin remodeling 
factor, which requests additional investigation (33).

Lastly, because of the effects of genes that have not 
been studied in the wound healing process, including 
TJP1, SEC61A1, PLEK, ATP5B, PDIA6, PIK3R1, 
SRGN, SDC2, RBBp7, RPS27A, EEF1A1, HNRNPA1, 
POLR2A, CFL1, CSNk1E, HSPD1, FN1, and AURKB, 
play a crucial role in the cell proliferation by contributing 
to essential aspects of the cell cycle or the regulatory 
pathways of the process. While, a cell proliferation 
refers to the growth and division of cells, it is necessary 
for the development, maintenance and repair of tissues 
and organs in the body. Although, additional research is 
needed, these genes probably play crucial and influential 
roles in wound healing, with an elevated expression but 
fine-tuned regulation. 

Analyzing these datasets with R software revealed 424 
DEGs composed of 300 up-regulated and 124 down-
regulated genes between wound samples and normal 
skin. Several studies have shown that the Wnt gene 
family can affect wound healing. Wounding can activate 
Wnt signaling genes in several levels of wound healing. 
Moreover, Wnt signaling genes are responsible for 
different stages of skin formation, and this feature makes 
it a good target for targeting in tissue regeneration studies 
(34). 

Our GO analysis of DEGs demonstrated that a 
"regulation of cellular protein localization" is one of the 
mechanisms in wound healing. A targeted localization 
is a type of regulation that is common in eukaryotes. 
It is possible for cells to achieve rapid changes in the 
function of local proteins by particularly redirecting the 
distribution of a number of existing proteins. Eukaryotic 
cells have developed sophisticated targeting mechanisms 
to ensure that proteins are delivered to the correct cellular 
location. Indeed, essential stages such as the proliferation 
phase, the supply of protein sources is a priority of 
wound healing, and any disruption in this process will 
lead to disruption of it. The enrichment of DEGs in terms 
such as "positive regulation of telomere maintenance 
via telomerase" and “positive regulation of telomere 
maintenance via the telomere lengthening” suggests that 
any process that stimulates or increases the frequency and 
extent of the addition of telomeric repeats by telomerase 
is crucial for effective wound healing. In this aspect, mice 
with dangerously short telomeres exhibit difficulties with 
highly proliferative tissue, such as poor wound healing, 
inflammatory skin lesions, early hair loss, and early hair 
graying (35). GO and KEGG analyses of up- and down-
regulated gene expression showed that the wound healing 
mechanism is a multidimensional process that comprises 
multiple signaling pathways and important molecular 
mechanisms. 

Bioinformatics analysis indicated that these genes and 
pathways could be involved in wound healing processes 
in several ways. According to GO analysis, the main 
enrichments of turquoise module related to biological 
processes include "positive regulation of transcription, 
DNA-templated", "positive regulation of transcription 
by RNA polymerase II", "cellular protein modification 
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process", "mRNA processing" and "positive regulation 
of nucleic acid-templated transcription" each of which, 
except for the cellular protein modification process, is 
somehow related to the transcription process. It is also 
interesting to note that the blue module enrichment 
analysis, which is also co-expressed with the majority 
of up-regulated genes, showed a high overlap in the 
enrichment of these modular genes with the turquoise 
module enrichment analysis closely related to the 
transcription process. During wound healing, several 
transcription factors coordinately regulate target genes, 
which vary over time (36), enabling the integration of 
external stimuli to provide the necessary physiological 
response. The capacity of numerous transcription factors 
to bind to these regulatory regions in distinct cell types 
or respond to stimuli is frequently determined by pre-
existing genome-wide chromatin accessibility. 

Interestingly, the enrichment analysis of brown module 
genes suggests that these genes are involved in aspects of the 
translation process. The most significant pathway related 
to this module includes "SRP-dependent co-translational 
protein targeting to membrane". The targeting of proteins 
to membranes during translation is dependent on two key 
elements, including the signal-recognition particle (SRP) 
and the SRP receptor. The SRP is a cytosolic particle 
that transitory binds to the endoplasmic reticulum signal 
sequence, the large ribosomal unit, and the SRP receptor 
in the ER membrane. However, the role of SRPs in the 
wound healing procedure is closely related to CELF1, 
an RNA-binding protein gene, that is responsible for 
regulating SRPs. When CELF1 is depleted in myoblast 
cells, the wound healing process is disrupted by altering 
the regulation of SRPs. Comparable abnormalities in a 
wound healing are found when an SRP subunit imbalance 
is created by an over-expression of SRP68, which may be 
a limiting factor in the assembly of functional SRP (37).

After the transcription and translation process, the 
enrichment of the cellular protein modification process 
introduces a precise concept. This concept denotes 
the covalent modification of one or more amino acids 
in proteins, peptides, and nascent polypeptides (co-
translational and post-translational modifications) 
occurring at the individual cell level. This process is 
essential in developing tissue specificity for wound 
healing (38). On the other hand, this protein modification 
is one of the processes that affect inflammation, which 
is one of the four main stages of the wound healing 
process. The post-translational modification (PTM) of the 
constituents of the inflammatory pathway, for instance 
Toll-like receptors (TLR) pathways, RIG-I-like receptor 
(RLR) pathways, NOD-like receptor (NLR) pathways, 
intracellular DNA sensors, intracellular RNA sensors, and 
inflammasomes, is critical in the control of these signaling 
pathways (39). The primary types of a PTM include 
ubiquitination, phosphorylation, polyubiquitination, 
methylation, and acetylation, and also, they each serve a 
particular function in signaling control. A PTM effects a 
range from the production of pro-inflammatory molecules 

to the interaction of adapters and receptors, as well as cell 
translocation in response to infectious or other damaging 
agents. One of the main problems disrupting the wound 
healing process is chronic inflammation. Meanwhile, 
studies have been conducted on other complications that 
have been dedicated to down-regulated genes and their 
effects on inflammatory processes and state that down-
regulated genes can affect inflammation (40).

Conclusion
In our analysis of nine wound healing microarray 

datasets, we identified up- and down-regulated genes 
and co-expressed modules using WGCNA. DEGs play 
a role in crucial cellular processes such as transcription, 
translation, and post-translational modifications. 
Specifically, we found nine down-regulated genes, 
including TJP1, SEC61A1, PLEK, ATP5B, PDIA6, 
PIK3R1, SRGN, SDC2, and RBBp7, as well as ten up-
regulated genes: RPS27A, EEF1A1, HNRNPA1, CTNNB1, 
POLR2A, CFL1, CSNk1E, HSPD1, FN1, and AURKB. 
These discoveries offer valuable insights and potential 
therapeutic targets for further experimental validation. 
Targeting pathways related to protein synthesis may 
enhance cellular activity during wound healing, while 
interventions aimed at promoting proper cell adhesion 
and migration could facilitate efficient wound closure. 
However, additional experimental validation is necessary 
to confirm the efficacy and safety of any targeted 
interventions.
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