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ABSTRACT 

Background: 

Oral sub mucous fibrosis (OSMF) is a condition wherein mesenchymal response to inju-

ry are mediated through changes in fibroblast structure and function. Fibroblasts differ-

entiate to alpha smooth muscle actin positive (αSMA+) myofibroblast, which is key fea-

ture underlying pathogenesis of OSMF. Studies highlight that myofibroblast phenotypes 

vary from physiological to pathological conditions. Recently, role of transforming 

growth factor β (TGFβ) and mitochondrial reprogramming has been studied in organ fi-

brosis. In OSMF, the role of arecoline and TGFβ is well-recognized but there is a paucity 

in literature regarding their effect in myofibroblast differentiation and mitochondrial 

function. Thus, the present work aimed to evaluate the role of arecoline and TGFβ in 

myofibroblast differentiation by study of mitochondrial bioenergetics. 

Objectives: 

Primary Objective: To evaluate role of arecoline and TGFβ on myofibroblast transdif-

ferentiation using human oral fibroblast cell lines. 

Secondary Objectives: 

 1. To assess the effect of arecoline, TGFβ and combination of arecoline & TGFβ on 

myofibroblast transdifferentiation.  

 2. To assess the mitochondrial bioenergetics in myofibroblast transdifferentiation 

induced by arecoline, TGFβ and combination of arecoline and TGF β. 

 3. To compare the mitochondrial bioenergetics in myofibroblast transdifferentiation 

induced by arecoline, TGFβ and combination of arecoline and TGFβ. 

Methodology: Primary human gingival fibroblasts (HGF) were used for studying effect 

of arecoline and TGFβ at different time points. After determining subtoxic concentra-

tions and by literature survey, we designed six study groups (1 - untreated control, 2 - 
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arecoline 50µg/mL, 3 - arecoline (50ug/mL) with TGFβ receptor inhibitor SB431542 

(10µM), 4 - TGFβ (10ng/mL), 5 - arecoline (50µg/mL) with TGFβ (10ng/mL) and 6 - 

SB431542 (10µM)). Myofibroblast phenotype was assessed using immunofluorescence 

assay (IFA) against vimentin, αSMA, desmin and muscle myosin. Mitochondrial chang-

es were assessed by JC-10 assay, mitotracker red staining, QRT PCR for glycolysis 

(hexokinase II), mitophagy (phosphatase and tensin homolog-induced putative kinase 1), 

transcription factor of mitochondrial A (TFAM) and IFA for TFAM. Validation of 

TFAM and phenotype, immunohistochemistry was done using normal mucosa (5 cases) 

and OSMF tissues (60 cases). 

Results: Myofibroblast differentiated after 48 hours of treatment and distinct cell pheno-

type are observed in study groups. Arecoline groups (2 and 3) show mitochondrial depo-

larization, fission, glycolysis and apoptosis while, TGFβ groups (4 and 5) show main-

tained membrane polarity, fusion and increased survival. 

Conclusion: Distinct roles of arecoline and TGFβ are noted in myofibrobast differentia-

tion and mitochondrial bioenergetics. TGFβ rescues arecoline mediated cytotoxicity and 

promotes  survival of the differentiated myofibroblasts. 

Keywords: Glycolysis, Myofibroblast, Mitochondria, Mitophagy, Oral Submucous Fi-

brosis. 



I. INTRODUCTION 

1.1 Background  

Oral submucous fibrosis (OSMF), from its erstwhile appellation as “Vidari” to the exist-

ing inclusion as a “potentially malignant disorder,” is described as a condition character-

ized by juxtaepithelial inflammation and progressive fibrosis of submucosa along with 

subsequent atrophy of the epithelium.1,2 Clinically, OSMF presents with an array of signs 

and symptoms ranging from burning sensation, mucosal stiffness, blistering, blanching, 

reduction in the mouth opening, difficulty in swallowing to extended involvement of the 

middle ear and uvula. Palpable fibrous bands in the oral cavity, including sites like lips, 

buccal mucosa, and soft palate, constitute the hallmark of the OSMF.3-6 Histologically, 

reduced vascularity with an increase in stromal fibrosis is considered a histological hall-

mark of OSMF. The condition is prevalent in South East Asian countries, predominantly 

India.3-6  

Although multifactorial, research states that OSMF is primarily an abnormal healing 

process caused by unremitting chronic (chemical and mechanical) irritation to the oral 

mucosa led by areca nut chewing.6  Bhosle RB et al reported a 34-100% frequency of 

areca nut chewing habit in the Indian subcontinent.7 Besides the known psychoactive and 

parasympathomimetic effects of the areca nut and its components [Table 1], it also bears 

carcinogenic potential. The harmful effects of arecoline are not limited to the oral cavity 

but can involve many other body organs.8,9,10  

1



Table 1: Key areca nut components and their chemical composition.10-12 

Arecoline causes trauma and inflammation of the tissues primarily by the generation of 

reactive oxygen species (ROS) that causes upregulates pro-inflammatory and pro-fibrotic 

factors like transforming growth factor β (TGF β), interleukins, fibroblast growth factor 

amongst many others.6  In normal tissues, the balance between pro-fibrotic and anti-fi-

Constituent of areca nut Chemical Composition

Alkaloids 

[Active component]

Arecoline 

Arecaidine 

Guavacine 

Guavacoline

Polyphenols

Catechin 

Flavanoids, Hexahydroxyflavans, Flavan-3:4-

diols 

Leukocyanidins 

Tannins

Trace elements

Sodium 

Magnesium 

Chloride calcium 

Vanadium 

Manganese 

Copper 

Bromide

2



brotic factors regulates collagen synthesis and degradation.13 The imbalance between 

these is responsible for stiffness and progressive fibrosis of the oral tissues. Hence, 

OSMF is also considered a collagen metabolic disorder.14   

All human body organs can virtually undergo fibrosis when subjected to chronic trauma 

or inflammatory conditions. Intransigent tissue injury can override homeostasis and phys-

iological repair leading to a mesenchymal response in the form of fibrosis, scarring, or a 

possible carcinomatous change.13 In the process of wound healing, fibroblasts play a crit-

ical role in wound contraction and extracellular matrix formation. Research has brought 

to light that the regulated process of fibroblast activation or transdifferentiation to myofi-

broblasts is a cardinal event responsible for wound healing.13   

Fibroblasts can differentiate into myofibroblasts which contain contractile protein alpha-

smooth muscle actin (αSMA).13 Myofibroblasts produce enormous amounts of extracel-

lular matrix components like collagen I. The actin stress fibers present in myofibroblast 

aid in production of isometric forces necessary for the process of wound contraction and 

closure.13 Myofibroblasts are considered ubiquitous cells of mesenchymal origin seen in 

physiologic tissue repair, reactive or inflammatory conditions, and benign as well as ma-

lignant neoplasms.13,15.16,17 The amassing and continual activation of myofibroblast leads 

to excessive fibrosis and scarring linked with numerous disorders, such as idiopathic 

pulmonary fibrosis, scleroderma, renal fibrosis, amongst many others.18,19,20,21 There is 

snowballing in the number of αSMA positive myofibroblasts with the advancing grade of 

tissue fibrosis. Along with proteins like αSMA, cytoskeletal heterogeneity of myofibrob-

lasts exists in these fibrotic conditions. In normal tissues, myofibroblasts can express: 
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vimentin  positive (+), vimentin+ with desmin+ and vimentin+ with αSMA+ phenotypes, 

while in pathological conditions: vimentin+, αSMA+ and desmin+ or vimentin+, 

αSMA+, desmin with smooth muscle myosin heavy chains+ (heavy chains) may be ex-

pressed.21,22 

In organ fibrosis, profibrotic cytokines like TGFβ , connective tissue growth factor 

(CTGF), endothelin, interleukins, amongst many others, regulate the activation of fibrob-

lasts.23,24 These activated fibroblasts have high energy demands for supporting their cellu-

lar changes and for the production of extracellular matrix components.24 The role of mi-

tochondria, specifically mitochondrial bioenergetics of muscle cells subjected to exercise 

or endurance training is well known.24 Recently, there has been a focus on the cellular 

energy dynamics for fibroblast transdifferentiation in the healing of wounds. The role of 

TGFβ 1 concerning fibroblast differentiation and energetic reprogramming of mitochon-

dria has been brought to light in organ fibrosis and carcinomas.24,25,26 TGFβ  affects the 

mitochondria of human fetal lung fibroblast by activating the transcription factor of mito-

chondria (TFAM) and thereby leading to transcription and transduction of mitochondrial 

DNA necessary for biogenesis of the mitochondria.24 Furthermore, the mitochondrial 

morphology, function, and clearance of damaged mitochondria by mitophagy are in-

volved in the pathogenesis of numerous diseases, such as neurodegeneration, metabolic 

disorders, cardiovascular diseases, and organ fibrosis.27,28,29,30 Phosphatase and Tensin 

homolog-induced putative kinase 1 (PINK1) has been studied in these conditions and is 

known to protect the cells against ROS-mediated oxidative stress. PINK1 gets activated 
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with depolarization of the mitochondrial membrane, and it helps to clear the damaged 

mitochondria of cells through mitophagy.30   

Like in organ fibrosis, in OSMF, there is up-regulation of TGFβ  by arecoline that also 

causes fibroblast differentiation and matrix remodeling of oral tissues.31,32 Literature indi-

cates high levels of TGFβ 1 in the stroma of OSMF cases compared to normal tissues.32  

The primary mechanism of action of TGFβ  is by activation of transcriptional regulators, 

such as β catenin and smads, and mitogen-activated protein (MAP) kinase signaling.33,34 

It thereby leads to myofibroblast differentiation that induces the production of αSMA, 

collagen I, and fibronectin.33, 34   

Like most other fibrotic diseases, OSMF draws clinical attention only after significant 

fibrosis has already taken place. Limited literature is available on arecoline and TGFβ 

induced mitochondrial bioenergetics in myofibroblast transdifferentiation in oral submu-

cous fibrosis. Hence, research to explore the morphological, biological, and functional 

aspects of myofibroblast differentiation concerning OSMF is warranted. Thus, the present 

study aimed to evaluate the role of arecoline and TGFβ in myofibroblast differentiation 

by the study of mitochondrial bioenergetics of human oral fibroblast cell lines. 
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1.2 Objectives 

Primary Objective: To evaluate the role of arecoline and transforming growth factor β 

on myofibroblast transdifferentiation using human oral fibroblast cell lines. 

Secondary Objectives: 

1. To assess the effect of arecoline, transforming growth factor β and combination of 

arecoline & transforming growth factor β on myofibroblast transdifferentiation.  

2. To assess the mitochondrial bioenergetics in myofibroblast transdifferentiation 

induced by arecoline, transforming growth factor β and combination of arecoline 

and transforming growth factor β. 

3. To compare the mitochondrial bioenergetics in myofibroblast transdifferentiation 

induced by arecoline, transforming growth factor β and combination of arecoline 

and transforming growth factor β. 
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1.3 Literature Review 

The estimated prevalence rate for OSMF is 0.2 to 6.4%  and although recognized initially 

as a condition that predominantly affects females, studies have observed predisposition 

towards the male population.35, 36, 37 OMSF is a preventable condition that begins primari-

ly due to factors that cause chronic injury to the oral tissues. OSMF continues as a persis-

tent, inflammatory and scarring disorder that extensively involves the oral cavity and up-

per digestive system leading to limitations in oral functions and general debilitation.35-38 

The age groups affected are wide ranging from very young individuals to the elderly 

population.35-38 With the advent of more processed products of areca nut the younger age 

groups are also being affected and the estimated cases have been snowballing. 37 The es-

timated cases in India are about 2.5 million.39 Concern arises as this condition is irre-

versible, shows very little improvement to treatment and has the potential to undergo ma-

lignant change. 2, 37, 38 The progressive debilitation, the malignant change and its treat-

ment can leaves a huge impact on the patients physical and psychological health. 2, 37, 38 

Clinically OSMF shows early and late features that include mucosal changes, fibrous 

bands, restricted tongue, involvement of uvula and associated sequelae or premalignant 

and malignant change. 40 Numerous researchers have tried to categorize the condition 

into stages so that the extent of involvement and communication for treatment can be 

made universal.41-50 Most classification systems have categorized the condition based on 

mouth opening, mucosal changes and associated sequelae. Rao NR et al 51 have summa-

rized these clinical features based on stages  as described in Table 2.  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Table 2: Clinical features of OSMF categorized into stages as per intra-oral and extra-

oral manifestations. 51  

Features Early stage Moderate stage Advanced stage

Intra-oral (Mucosal changes) 
stomatitis, increased 
salivation, blanching, 
blistering, palpable 
bands, scant brown-
black pigmentation of 
mucosa

Features of early 
stage with additional 
presentation like dif-
ficulty in whistling,  
resistricted mouth 
opening, petechiae, 
inability to blow 
cheeks, blanching ex-
tending circumorally 
and involving soft 
palate, floor of mouth 
as well as faucial pil-
lars. Shrunken/altered 
shape of uvula. 

Features of moderate 
stage with loss of 
muscle suppleness, 
opaque/mottled/mar-
bled white mucosa, 
de-papillated tongue, 
involvement of pha-
ryngeal and 
eosophageal mucosa.

Extra-oral Not significant Nasal twang, prom-
inent masseter, 
sunken cheeks, inabil-
ity to swallow, hoarse 
voice, impairment of 
hearing and weight 
loss.

Hypertrophy and 
stiffness of masseter, 
sunken cheeks, voice 
changes, folding of 
cheeks on opening of 
mouth, loss of nasio-
labial fold, difficult 
deglutition, atrophy 
of facial muscles, 
and may extend to 
alterations in condy-
lar forms and tem-
poromandibular joint 
changes in sever cas-
es.
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OSMF histologically shows hyalinization, collagen deposition, reduced vascularity and 

secondary degeneration of muscles. 6,38 The condition of OSMF has been classified by 

numerous researchers based on its clinical presentation, histological features and combi-

nation of both.52-55 The histopathological grading systems are based primarily on the 

pathological changes seen in the OSMF tissues and provide an insight based on progres-

sion and pathogenesis of the condition. Numerous histological classification systems 

have been put forth for the grading of OSMF, however, the early classification by 

Pindborg JJ and Sirsat SM (1966) incorporated all the essential histological features and 

classified the condition into four grades [Table 3]: 

Table 3: Histological grading system of OSMF by Pindborg JJ & Sirsat SM.52 

Parameter Grade I - Very 
Early OSMF

Grade II - 
Early OSMF

Grade III - 
Moderately 
advanced 
OSMF

Grade IV - 
Advanced 
OSMF

Collagen & 
edema

Fine/Delicate 
fibrillar colla-
gen, marked 
edema

Early juxtaep-
ithelial hyalin-
ization, thick-
ened collagen 
bundles

Moderate 
hyalinization, 
thick bundles 
of collagen, 
changes ob-
served juxtaep-
ithelially with 
minimal resid-
ual edema

Abundant 
hyalinization of 
collagen fibers, 
bundles not 
discernible. 
Absence of 
edema.
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From the above classification we understand that the changes in the extracellular matrix 

and nature of fibroblasts are of key concern in OSMFf progression. Utsunomiya H et al 

(2005) modified this criteria into three categories - early, intermediate and advanced 

OSMF [Table 4].54 

Fibroblasts re-
sponse

Extensive re-
sponse with 
plump and 
young fibrob-
lasts with plen-
teous cyto-
plasm

Moderately 
dense occur-
rence of Plump 
fibroblasts

Less marked, 
fibrocytes with 
spindle nuclei 
and scant cyto-
plasm 

Lack or scanty 
fibroblasts - 
thin and elon-
gated   

Vascularity Normal vascu-
larity with vas-
cular dilation 
and congested 

Vascular dila-
tion and con-
gestion prom-
inent

Normal to con-
stricted

Vasoconstric-
tion/ oblitera-
tion of blood 
vessels 

Inflammation Occasional 
leukocytes and 
eosinophils

Abundant 
mononuclear 
inflammatory 
cells, 
eosinophils and 
plasma cells

Chronic in-
flammatory 
cells - plasma 
cells and lym-
phocytes ob-
served

Chronic in-
flammatory 
cells 
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Table 4: Histological grading system of OSMF by Utsunomiya et al.54 

The role of major factors like areca nut, slaked lime and betel leaf along with internal fac-

tors ie., downstream molecules like TGFβ, interleukins etc has been largely explored in 

pathogenesis of OSMF.6,38,55 Other external contributing risk factors for the condition in-

clude tobacco, excessive chillies, vitamin deficiencies, low iron and zinc, malnutrition, 

amongst many others [Figure 1].6, 38, 51, 56 

Early OSMF Intermediate OSMF Advanced OSMF

Lymphocytes - predomi-
nant in subepithelial tis-
sue 

Reduced inflammatory cells Scanty inflammation

Zone of myxedematous 
change

Hyal in iza t ion appears 
subepithelially, granulation 
changes close to muscle

Marked fibrous tissue with 
hyalinisation extending from 
sub epithelial to superficial 
muscle layer, atrophy and 
degenerative changes in 
muscles 

Blood vessels compressed Number of blood vessels 
reduced
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Figure 1: Major and contributory factors involved in pathogenesis of OSMF. 

Understanding of the molecular mechanism that drives fibrosis primarily begins with 

identifying the internal and external factors responsible for initiation, regulation and per-

sistence of the disorder.57 Although organ fibrosis can begin with different etiological fac-

tors, it is common that these factors create an inflammatory milieu wherein secreted cy-

tokines and growth factors cause cellular changes leading to excessive matrix and colla-

gen production [Figure 2]. 
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 Figure 2: Basic mechanisms & factors involved in tissue fibrosis. 

The cellular changes can occur in multiple cell types causing their transdifferentiation 

into an activated cell called as the myofibroblast.58 Transdifferentiation is a well-regulat-

ed process of phenotypic change wherein reprogramming of genes causes switch between 

cell types.59 Initially it was thought that mesenchymal cells namely fibroblasts are the 

only cells that get activated/transdifferentiated to myofibroblasts, however, research has 

indicated that mesenchymal cells like endothelial cells, pericytes and others, along ep-

ithelial cells can serve the need [Figure 3]. 13, 58, 59 At molecular level, increase in αsma, 

focal adhesion proteins paxillin, tensin and fibronectin, along with exuberant collagen 

synthesis in myofibroblasts as compared to fibroblasts are thought to be distinguishing 

features between these cells. 60-63 
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Figure 3: Schematic diagram showing sources of myofibroblasts in tissues. 

The process of fibroblast activation to a cell type with features capable of contraction 

similar to smooth muscle cells is the key event in OSMF initiation and progression.17, 32 

Numerous studies have highlighted that the count of differentiated αsma positive myofi-

broblasts increases with the disease progression.17, 32 In contrast to myofibroblast found in 

wound healing, it has been proposed that myofibroblasts with cytoskeletal heterogeneity 

have immune privilege and can elude apoptosis thereby contributing to sustained tissue 

fibrosis.13, 17, 64 In physiological or pathological situations, cytoskeletal changes (structur-

al and biochemical) in the fibroblast architecture aid in cellular adaptation. This suggests 

that fibroblast plasticity plays a role in the adaptation of cells to various stimuli.22, 65 Cy-

toskeletal changes and differential localization of Vimentin, Desmin, muscle myosin and 

αsma occur under these conditions.  
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Cytoskeletal proteins of interest: 

1) Vimentin - Vimentin derives its name from the word “vimentum” which in Latin 

stands for wickerwork. 66 This type III intermediate filament (IF) is one of the key 

modulators of the wound healing. It attributes plasticity to the mesenchymal cells, has 

a role in epithelial mesenchymal interaction and development of an invasive cell phe-

notype. Vimentin has distinct distribution and forms that determine the function. The 

commonly observed patterns of vimentin include highly organized networks, non fil-

amentous, unit filaments and soluble forms. The organized forms that present as a 

network serve in resisting stress and maintain cellular shape, while the soluble forms 

largely function for cell signaling. 67 Recently, research has shown that extracellular 

vimentin can bind to the surface of the mesenchymal cells and promote wound clo-

sure. It is also involved in maintenance of architecture of the cytoskeleton of mes-

enchymal cells. Vimentin modulates cellular process involving interaction with im-

mune cells, activation of MAP kinase pathways. In epithelial mesenchymal transition 

(EMT) and cell migration, vimentin interacts with microtubules, by limiting the flow 

of actin and modulating tractional forces and stiffening of cells. It closely works with 

the actin-myosin network, microtubules and other proteins to promote migration of 

cells. The role of vimentin is also observed in regulation of apoptosis of immune 

cells. 67, 68 

2) αsma - αsma belongs to the actin family and similar to vimentin, it is essential for cel-

lular motility, cytoskeletal stability and structure. It is the key protein that brings 

about myofibroblast contractility and plays a crucial role in wound repair. It regulates 
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the stress fiber assembly and microfilaments of the cell. It has been extensively used 

as a prognostic and indicative marker for myofibroblast differentiation in fibrosis and 

carcinomas.  Besides fibroblasts, the other cells that express αsma include pericytes 

and smooth muscle cells. 6, 17, 69-72 

3) Desmin - Desmin, is a type III IF that is found in all types of muscles (cardiac, skele-

tal and smooth). Desmin functions similar to vimentin and maintains the cytoskeleton 

spatial organization by forming a scaffold around. It also functions to help in genera-

tion and transmission of forces. Pathology involving desmin gene manifests as 

desminopathies wherein intracellular aggregation of desmin causes apoptosis and 

subsequent replacement fibrosis. Desmin IF is also known to affect the mitochondria 

and mitochondrial respiration. 73, 74 Myofibroblasts in type II EMT and other fibrotic 

conditions have demonstrated expression of desmin. Varayoud J et al 65 studied preg-

nant rats and found that myofibroblasts that expressed desmin were thought to bring 

about rapid changes in shape and organelle distribution of cells  consequent to colla-

gen and elastin production in pregnancy. 

4) Muscle Myosin - Myosin is a well known large protein that is found to play a central 

role in contraction of muscles. Myosin comprised of heavy chains (HC) and light 

chains(LC); differentiated myofibroblasts exhibit smooth muscle like features and 

typically express smooth muscle myosin HC and non muscle myosin. However, rare 

pathological conditions like Duputyren’s contracture show myofibroblast phenotype 

that exhibits positivity for vimentin, desmin, αsma and myosin. 75 
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Myofibroblast biotype in physiological conditions, fibrosis and carcinomas: 

Research has highlighted that cytoskeletal proteins like vimentin and smooth muscle 

myosin HC are also found to be upregulated by TGFβ during the myofibroblast transdif-

ferentiation.  

In normal tissues, myofibroblasts can express: vimentin positive (V+) phenotype, vi-

mentin and  desmin positive (VD+) , and vimentin and αSMA positive (VA); while in 

pathological conditions: VA+, Vimentin, αSMA with Desmin (VAD)+ or Vimentin, 

αSMA, Desmin with Muscle Myosin positive (VADM+) phenotype may be expressed 

[Table 5]. 21 

Table 5: Immunophenotypes of myofibroblasts in various conditions. 21 

Besides, cytoskeletal phenotype, distinct functional and genotypic types of myofibrob-

lasts are noted in various conditions. A study conducted by Branco et al, studied the effect 

of TGFβ on fibroblast of vocal folds (VFF) and elaborated αSMA positive myofibroblast 

differentiation. Fibronectin, α smooth actin, CTGF, and metallopeptidase inhibitor were 

the highest genes expression in TGFβ1 treated vocal fold fibroblasts. They further con-

Phenotype Examples of associated conditions

V+ Initial development of granulation tissue

VA+ Wound retraction

VAD+ or VADM+ Liver fibrosis, hypertrophic scars, 

Duputyren’s contracture and fibromatosis.
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cluded that VFF treated with TGF β have similar phenotype but different genotypic be-

havior compared to scar VFF. 65 

Costa DE et al, studied cancer associated fibroblast (CAF) and found two distinct sub-

types, one that had its profile (transcriptome and secretome) closer to normal or physio-

logical fibroblasts and other with divergent expression pattern. They observed that both 

CAFs had different tumor-promoting capacity. 26 

Different myofibroblast biotypes and their functions in different pathologies are been 

largely explored to understand the nature and develop a targeted treatment plan for the 

same. 

Role of arecoline and TGFβ in myofibroblast differentiation and pathogenesis of 

OSMF:  The pleiotropic TGFβ family exists as 33 TGFβ associated polypeptides of 

which TGFβ has three isoforms namely TGFβ1, TGFβ2 and TGFβ3. The TGFβ isoforms 

act along serine/threonine kinases receptors with the exception of TGFβ3. These isoforms 

have pro segments called latency-associated peptides (LAPs). These LAPs form small 

latent complexes that restrict TGFβ from binding to the receptor. TGFβ needs activation 

from its latent form before activity. 34, 76-81 Thrombospondin 1, integrins and other 

macromolecules can activate the TGFβ latent complex and enable receptor binding. The 

signaling pathways for activity involve TGFβ 1 receptor - activin receptor - like kinase 

(ALK5) with smad protein 2/3 ie., canonical pathway and non-smad or non-canonical 

pathway. The canonical pathway is primarily involved in wound healing and fibrosis. 34 

18



In tissue fibrosis, TGFβ modulates different cellular and extracellular matrix responses. It 

induces αSMA, collagens, fibronectins, and other components for excessive deposition of 

matrix and has a role in degradation of the same by repression of matrix metallopro-

teinases and up regulation of their inhibitors. 18, 19, 82, 83 Researchers found elevated 

TGFβ1 levels in cases of OSMF as compared to normal mucosa.32,84,85 Arecoline via its 

mitochondrial ROS production causes the activation of TGFβ and promotes further bind-

ing and signaling by the canonical pathway. 6, 31, 83, 86 

A study by Moutasim KA et al in 2011,32 showed significant αvβ6-dependent activation 

of TGFβ 1. They also found that the OSMF tissue stroma and the arecoline treated epithe-

lial cells both showed high levels of αvβ6 integrin. They hypothesized that epithelial cells 

could induct the pathogenesis of OSMF, which further progresses by the arecoline/TGFβ 

1 associated fibroblast differentiation and matrix changes. TGFβ also increases CTGF 

and early growth response-1 (Egr-1) which aids in progression of the disorder. 32,82,83 

Besides the role of TGFβ1 in OSMF, TGFβ2 has also been studied in OSMF.  Thangjam 

et al put forth that arecoline treated HaCaT cells showed Muscarinic 3 (M3) - muscarinic 

acid receptor and they induced TGFβ2 through calcium and the protein kinase C pathway. 

Arecoline down-regulated collagens 1A1 and 3A1 in human primary gingival fibroblasts 

(HGF); but induced these when HGF were cultured along with human keratinocytes. On 

treatment with TGFβ blocker, reduction in collagen was noted, thus highlighting the role 

of TGFβ in collagen synthesis. 83 

Khan I et al 85 studied analyzed global gene expression of culture human keratinocyte 

(HaCaT) cells post treatment with areca water (extract water) and TGFβ. They found 
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64% differentially regulated genes by areca nut water extract when matched with TGFβ 

induced profile. On treating cells using TGF β receptor blocker they found that 57% of 

genes were compromised and 7% genes were separately induced by areca nut. They also 

found that human gingival fibroblast (HGF) did not show any smad or TGF β down-

stream targets while they were induced in HaCaT cells which suggested that epithelial 

cells can serve as a source of TGFβ in OSMF. 

Further Pant I et al 86 studied the transcriptome profiling of HGF using areca nut as well 

as TGF β. They found 413 genes in HGF cells by combined treatment of areca nut and 

TGFβ. They also studied HaCaT epithelial cells and found that TGFβ is released by areca 

nut influenced activation of fibroblast and other genes implicated for fibrosis. 

Role of mitochondria and structural mitochondrial dynamics in mitophagy and 

apoptosis of myofibroblasts:  

  Figure 4: Schematic representation of mitochondrial structure. 
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Mitochondria are essential, double-membrane intracellular organelles [Figure 4] that can 

continuously divide by mitochondrial deoxyribonucleic acid (DNA) replication, undergo 

adaptive fusion and move within the cytoplasm of cell. Their key function include respi-

ration for production of adenosine triphosphate (ATP) and regulating cell fate under ROS 

mediated cellular stress and metabolic alterations. 27, 87 Usually, in presence of oxygen, 

the tricarboxylic acid cycle occurs in the mitochondria to produce ATP by oxidative 

phosphorylation (OXPHOS) however, in condition with lack of oxygen or in special con-

ditions like carcinomas, the shift to glycolytic pathway is observed. 87, 88 This pathway is 

an energy producing and is catalyzed by enzymes namely hexokinase (HK), phosphofruc-

tokinase and pyruvate kinase. HK is a rate-limiting and essential enzyme that is involved 

in regulating the first step of glycolysis. There are four isoenzymes of hexokinase - HKI, 

II, III and IV. HKII is of significance as it available in the cytosol and outer membrane of 

mitochondria. HK-II when bound to the membrane regulates glycolysis and is shown to 

be upregulated in pathological conditions like fibrosis and carcinomas. 88 Recently, it has 

been studied that glycolysis is essential for activation and maintenance of the profibrotic 

myofibroblast phenotypes. 89 However, the process of fibroblast activation is not limited 

to glycolysis but involves corresponding structural changes and regulated events like bio-

genesis, mitophagy and apoptosis [Figure 5].  
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Figure 5: Flow chart showing mitochondrial changes induced by profibrotic cytokines or 

irritants that guide the cell either to apoptosis or survival in tissue fibrosis.  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Different cells contain mitochondria with distinct structural and biochemical characteris-

tics.90 Chen et al have put forth that in cardiac fibroblast activation, metabolic repro-

gramming plays a key role and that the cells are dependent on glycolysis for their energy 

demands. 91  Mitochondria are self regulatory and show structural adaptive changes like 

fission and fission.28, 91 Mitochondrial fusion i.e., interconnection, is said to maintain an 

energetic, active metabolic state, while fission i.e., fragmentation to smaller spherical mi-

tochondria is associated with low or resting states [Figure 6]. 28, 91,92,93 It is proposed that 

changes in these mitochondrial changes of fission and/or inadequate fusion regulate the 

process of glycolysis. 92,93 

Figure 6: Role of mitochondrial fission and fusion in myofibroblast differentiation. 
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Besides action of profibrotic molecules and cytotoxic drugs, the ROS generated by the 

mitochondria or its fission can mediated further mitochondrial damage. This damage 

could direct the cells to apoptosis. In order to maintain mitochondrial health the process 

of mitophagy is essential. 93 Mitophagy is essential for curbing the mitochondrial damage 

and for promoting survival of cells. It has been studied by authors that fission promotes 

fibrosis in renal, lung and liver. 93, 94, 95, 96 Wang Y et al found that the tissue biopsies also 

showed mitochondrial fission in case of renal fibrosis. 94 

Research suggests that this process of mitochondrial fission is regulated by PINK1. 93, 97 

PINK1 is localized on the outer membrane of depolarized mitochondria which later func-

tions by PINK1-Parkin pathway. PINK1 is largely studied in neurodegenerative diseases 

like Parkinson’s disease. PINK1 regulated the mitochondrial quality by fission and ulti-

mate mitophagy. 97 

Research by Lemos DR et al 98 showed that glycolytic reprogramming of renal cells oc-

curs during fibrosis and that inhibition of glycolysis suppressed the activation of fibrob-

lasts. Thus, it is essential to explore the role of mitochondrial bioenergetics mediated 

through glycolysis, biogenesis and other pathways for understanding the fibroblast differ-

entiation in organ and tissue fibrosis. 98 

Myofibroblast mitochondrial bioenergetics in fibrosis and cancer:  

The human mitochondrial genome is a circular, double-stranded, compact molecule of 

DNA (16.5 kb). Depending on cell type, 2 to 10 copies of this DNA can be found in cells. 

99 This mitochondrial DNA (mtDNA) is attached to the inner mitochondrial membrane 

24



within the mitochondrial matrix and packaged into protein–DNA complexes known as 

nucleoids. 100 

Functionally, increase in respiration by mitochondria can be supported by increase in 

mass of mitochondria. The increase in mitochondrial mass is associated with the in-

creased transcription of mtDNA. TFAM regulates renewal of mitochondria by bringing 

about transcription and replication of mtDNA in mitochondrial biogenesis. TFAM is also 

known to regulate repair of damaged mtDNA. Synthesized in cytoplasm as a 29kD mol-

ecule, for activation by cytokines or regulators, TFAM gets cleaved to a 25 kD polypep-

tide when it enters the mitochondria. 99,100 

Bernard et al 24 studied TGFβ1 induced differentiation and its association with metabolic 

or mitochondrial reprogramming of fibroblasts. TGFβ  affects the mitochondrial meta-

bolic reprogramming in human fetal lung fibroblast by activating mitochondrial transcrip-

tion factor A (TFAM), replication and transduction of mtDNA and genes during biogene-

sis. They also observed that blocking the biogenesis or glycolysis results in reduced con-

traction and expression of αsma. 24 

A study conducted by Negmadjanov U et al 25 showed that TGF β1 treated mouse fibrob-

lasts had increased expression of αsma, higher mitochondrial function and an increased 

baseline oxygen consumption rate as compared to untreated cells. 

Besides fibrosis, cancer associated fibroblasts also exhibit mitochondrial metabolic re-

programming which causes changes in biosynthesis and bioenergetics of cells. 101 Balliet 

et al showed fibroblasts with TFAM down regulation which is associated with dysregula-

tion of Caveolin-1 and subsequent induction of ROS stress, dysfunction of mitochondria, 
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and glycolysis in the tumour microenvironment. They suggested that fibroblasts deficient 

in TFAM produce hydrogen peroxide and levo-lactate in excess, both of which promote 

development and progress of tumour. 102 

Thus, we understand that the process of fibroblast differentiation in pathological condi-

tions involves interconnected, extensive morphological, biological and molecular events. 

Exact mechanism, profile of myofibroblast and the role of mitochondrial bioenergetics (if 

any) which contributes to oral submucous fibrosis is elusive. Like most other fibrotic dis-

eases, OSMF draws clinical attention only after significant fibrosis has already taken 

place. Thus, there is a need to evaluate the role of arecoline and TGF β in relation to the 

differentiation dynamics of myofibroblasts in OSMF in order to develop appropriate 

therapy and curb the progression of this irreversible condition. 
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1.4 Justification 

OSMF simulates an altered wound healing process that presents with amassing of acti-

vated fibroblasts and a progressive increase in fibrosis.54 It is hypothesized that these my-

ofibroblasts show adaptation by evading apoptosis and can produce excessive amounts of 

extracellular matrix.17, 103 The irreversible nature of this condition warrants a detailed 

study of the behavior and pathogenesis of OSMF.  

Arecoline is responsible for the hypersensitivity reaction and incessant juxtaepithelial in-

flammation in tissues of patients habituated to chewing areca nut. This chronic inflamma-

tion, increase in ROS, and the induced cytokines bring about changes and activation of 

fibroblasts in the tissues.17, 103 Angadi et al through their immunohistochemical study us-

ing OSMF tissues showed that arecoline can bring about fibroblast differentiation in 

OSMF and that the frequency of these cells increases with progressive fibrosis of the tis-

sues.17, 103 Pant I et al have put forth that fibroblasts treated with areca nut components 

show differentiation to myofibroblasts and produce genetic alterations similar to those 

seen in OSMF cases. 86 

Furthermore, fibroblasts exhibit phenotypic plasticity wherein they undergo changes 

based on the physiologic needs and stimuli from the surrounding microenvironment. This 

plasticity and increased frequency of cancer-associated fibroblasts attribute to their ability 

to migrate and cause recurrence of the associated tumors. In several conditions, myofi-

broblasts with specific cytoskeletal phenotypes show colossal presence in the tissues de-

pending upon the activating stimuli. 22 Interestingly, conditions like infantile myofibro-

matosis have shown spontaneous regression despite the amassing of myofibroblasts. 22 In 
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this regard, authors have postulated that a possible regulated activation of cytoskeletal 

proteins vimentin, αSMA, desmin, smooth muscle myosin, and other proteins cause the 

development and progression of these lesions bearing quasi neoplastic characteristics. 13, 

22  

Research has brought to light that the energetic process of fibroblast differentiation is es-

sential for the contraction & healing of wounds. Mitochondria being the key source of 

energy meets the energy demands of the differentiating cells by functional changes in-

cluding mitochondrial biogenesis. In lung fibrosis, it has been studied that the transforma-

tion of fibroblasts by TGFβ1 is associated with increased mitochondrial biogenesis of the 

treated cells. 25 Further research in this area, propelled the understanding that mitochondr-

ial bioenergetics inclusive of glycolysis and electron transport chain is essential for tissue 

contraction and the differentiation of fetal fibroblasts of the human lung. The dysfunction 

in mitochondrial bioenergetics and mitophagy leads to the subsistence of these myofi-

broblasts. 24 Research has shown an association between the role of growth factors like 

platelet-derived growth factor receptor-β, evasion of autophagy, and Phospho-inositide 3 

kinase/protein kinase B (PI3K/AKT) pathway in the regulation of cardiac myofibroblast 

differentiation in rats. 29 

However, it is not clear whether arecoline causes fibrosis by itself or by inducing secre-

tion of cytokines like Transforming growth factor β. Also, the exact mechanism of fibrob-

last differentiation by TGFβ is not distinctly recognized, but TGFβ is known to be the 

most potent in modulating the mitochondrial bioenergetics and expression of αSMA in 

fibroblasts of various organs undergoing fibrosis. Scarce literature is available on the role 
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of arecoline and TGFβ concerning mitochondrial energetics and cellular differentiation of 

fibroblast in OSMF. Thus, more studies are required to elaborate on the molecular patho-

genesis occurring in the dynamic process of cell differentiation and progressive fibrosis.  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2. MATERIALS AND METHODS 

Ethical Clearance certificate: KLEU/EC/17-18/D-112 (Annexure I) 

Cell lines, culture and study groups: 

After obtaining appropriate training (Annexure II) the experiments were conducted. Pri-

mary human gingival fibroblast (HGF)(PCS-201-018) cell lines obtained from American 

type culture collection (ATCC, USA) were passaged and used for all cell-culture experi-

ments. Passages 2-8 were included for the time-based experiments. Cells were grown and 

maintained in Dulbecco’s modified eagle’s media (DMEM) (Hi-media, India) with an-

tibiotics (Penicillin and Streptomycin, Hi-Media, India) and supplemented with 10% Fe-

tal Bovine Serum (FBS)(Gibco, USA). The cells were maintained in 5% Carbon dioxide 

(CO2) incubator (Nuaire, USA) at 37℃. The HGF cells (1x 10^6 cells/well) grown to 

achieve confluence in a 6-well plate. Prior to every experiment, serum starvation of the 

cells for 12 hours by means of 0.2% FBS-DMEM was done. Depending on objective the 

experiments were conducted at 12hours, 24 hours, 48hours and 72 hours. 

Based on literature 26, 86 and cytotoxicity assay using Alamar Blue (Thermofisher scientif-

ic, USA) the study groups were designed and sub-toxic/ optimal concentrations were 

used for the treatment of cells. 

The study groups were designed based on the research objectives as follows [Table 6]: 
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Table 6: Study groups and the optimal concentrations used for treatment of HGF cells. 

Rational for study group design: Based on the literature review and understanding of 

OSMF pathogenesis, the following groups were considered - control group (Group1) 

comprised of untreated fibroblasts, cells treated with arecoline (Group 2) and cells treated 

with TGFβ (Group 3). Further, it is known that continuous arecoline consumption leads 

to increased production of TGFβ in the tissue microenvironment, thus to simulate a TGFβ 

rich environment we used a combination group wherein cells were treated with TGFβ an 

hour prior to the arecoline treatment (Group 4). To assess the differential roles of arecol-

ine and TGFβ for bringing about myofibroblast differentiation, ie., to evaluate the effect 

of arecoline alone we used the TGFβ1 receptor inhibitor SB431542 (Group 5) and treated 

the cells with 10 µM of SB431542 an hour prior to the arecoline treatment. An additional 

group was considered for understanding the effect of SB431542 (group 6) was considered 

No. Study Group Concentration 

Group 1 Untreated Control  Untreated

Group 2 Arecoline treatment group [Arecoline hydrobro-
mide (Sigma-Aldrich, USA)]

50 µg/ml

Group 3 TGF β treatment group [Recombinant human 
TGFβ 1 protein, R & D systems, USA]

10 ng/ml

Group 4 Arecoline + TGF β treatment group 50 µg/ml + 10 ng/
ml

Group 5 Arecoline + TGF β1 ALK5 receptor blocker, 
SB431542

50 µg/ml + 10 µM

Group 6 TGF β1 ALK5 receptor blocker - SB431542 
[Sigma-Aldrich (calbiochem)]

10 µM

31



and treatments were performed after serum starvation and by using standard procedures 

and concentrations. 

Standardization and determination of optimal concentration for arecoline and 

TGFβ   

Alamar Blue assay: To study the effect of the treatment compounds, Alamar Blue assay 

was performed on serial dilutions of arecoline and TGF β for determining the optimal 

concentration. 

Alamar Blue dye contains Resazurin that is cell culture media stable and nontoxic com-

ponent. It is water-soluble and can pass through the membranes of living cells. As the dye 

adds no direct effect by itself, it can be used to study the effect of compounds for pro-

longed time periods. This compound is reduced to resorufin which is pink and fluoresces 

to higher wavelength than resazurin. This reduction allows easy quantification in the form 

of visible color change based on cell viability. The dye can indicate impaired cellular 

function or metabolism but not specific to changes in mitochondria.104 Fluorescence is 

measured by fluorescence micro-plate reader (BioRad, USA) at two wavelengths - ex 

wavelength 530-560nm while em wavelength 590nm. 

Protocol and Experiment set up:  
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Table 7: Alamar Blue assay reagents and preparation. 

Arecoline: Arecoline hydrobromide dissolved in dimethylsulfoxide (DMSO) at 100mg/

mL stock, which was further dissolved in plain DMEM to make serial dilutions from 0 to 

200 µg/mL. 

TGF β: TGF β dissolved in 4mM hydrochloric acid in 1mg/mL Bovine serum albumin 

(BSA) at 20µg/mL, which was further dissolved in plain DMEM to make serial dilutions 

from 0 to 20 ng/ml.  

Sr. 
No

Component Criteria/Reagents Requirement/Preparation

1 Assay dye 10% Alamar Blue dye 
0.2% FBS DMEM

1ml of dye stock in 9ml of 
0.2% FBS DMEM media

2 Cells HGF seeded at a density of 
10,000 cells/well in 10% 
FBS-DMEM

Clear wells with flat bot-
tom, 96-well plate

3 Fluorescence 
plate

For reading of fluorescence 
exhibited by cells after re-
duction of dye

Black wall and clear flat 
bottom, 96-well plate

4 Incubation To maintain stable environ-
ment for the reaction

Incubate at 37℃ in 5% 
CO2 incubator for 1 hour in 
dark conditions

5 Replicates Experiment to be performed 
in triplicates for reliability 

Three wells per test group

6 Serum Starvation To minimize effect of 
growth factors in the media 
and to synchronize cells be-
fore the experiment

Incubating cells in 0.2% 
FBS-DMEM for 12 hours

7 Test solutions Serial dilutions of Arecoline 
& TGF β

Stock solutions 

Plain DMEM 
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The experiment was standardized using 10% Alamar Blue dye and using manufacturers 

instructions. Post standardization, the procedure was tested under different conditions. All 

the experiments were performed and results were tabulated for pertinent data analysis. 

Procedure: 

HGF cells grown in 10% FBS-DMEM were seeded 10,000 cells/ well in a 96-well plate. 

Triplicates were marked and used for control/untreated cells, arecoline serial dilutions 

and TGF β serial dilutions. After serum starvation, the 10% Alamar Blue dye was pre-

pared and added to the cell groups. Post 1hour of incubation, the reaction solution was 

pipetted to a black wall, clear flat bottom 96-well plate [Figure 7] and fluorescence at ex-

citation (Ex) wavelength 550nm and emission (Em) wavelength 580nm in a fluorescence 

plate reader (BioRad, USA). The readings were normalized with the blank wells (initially 

containing DMEM later replaced by alamar working solution) and divided for plotting 

the graph. 

Figure 7: Alamar Blue assay a) Cell culture 96 well plate incubated with Alamar Blue 

solution for 1hour showing change to pink colored compound. b) Clear bottom, black 

wall 96 well plate used for obtained fluorescence reading of the reaction solution.  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Procedure to accomplish the first objective concerning myofibroblast transdifferen-

tiation was as follows: 

Experiment 1. Immunofluorescence assay (IFA): For studying the myofibroblast cy-

toskeletal heterogeneity, all 6 groups of HGF cells were treated for 48 hours and stained 

with cytoskeletal markers for imaging using immunofluorescence assay. The procedure 

was standardized using known negative and positive controls for the antibodies. The an-

tibody (Ab) dilutions were standardized and the standardized procedure was repeated be-

fore performing the experiment for study groups. 

Table 8: Antibodies used for determination of cytoskeletal phenotype 

Sr 
no

Antibody Clone and specificity Company

1 Vimentin P o l y c l o n a l G o a t 
Immunoglobulin G (IgG)

R & D systems, USA

2 Anti-Actin, αSMA Mouse Monoclonal IgG, 
Clone 1A4

Sigma Aldrich, USA

3 Desmin Mouse Monoclonal IgG Novus Biologicals, 
USA

4 Muscle Myosin Mouse Monoclonal IgG, 
Clone MF20

R & D systems, USA

5 Secondary Ab (1:1000) A n t i - r a b b i t I g G -
Fluorescein isothiocyanate 
(FITC) conjugate Ab 

Sigma Aldrich, USA

6 Secondary Ab (1:1000) Anti-Goat IgG-FITC Ab Sigma Aldrich, USA

7 Secondary Ab (1:1000) Anti-Mouse IgG-FITC Ab Sigma Aldrich, USA

8 4 ’ , 6 - d i a m i d i n o - 2 -
phenylindole (DAPI) 
(1:100)

Nuclear stain Molecular Probes, UK
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Protocol and experiment set up: 

Table 9: Reagents and preparation for Immunofluorescence assay. 

Sr 
No

Process Reagents Preparation

1 Coverslip 
wash solu-
tion

Sodium hydroxide (NaOH) (Sig-
ma, USA)

Ethanol (Sigma, USA)

Round coverslips

Dissolve 25 g of NaOH 
in 500ml of ethanol solu-
tion in a glass bottle 
(highly caustic).

2 Fixation 3% Paraformaldehyde (PFA) in 
sterile phosphate buffered saline 
(PBS). 
(Sigma, USA)

1.5g PFA in 50ml of PBS.

Vortex till reagents dis-
solve completely. 

Add 1 pellet of NaOH 
and adjust pH between 
7.2-7.6.

3 Permeabili-
sation 

Triton X buffer (Sigma, USA) 0.125 ml Triton x100 + 
PBS 50ml 

Shake till completely dis-
solved

4 Blocking 
buffer

1% BSA in sterile PBS (Sigma, 
USA)

1g BSA in 100ml PBS.

5 Antibody 
dilution

Primary cytoskeletal antibodies -  
Vimentin - 5µg/mL

Myosin -10 µg/mL

Desmin - 2µg/mL

αSMA - 20µg/mL

Blocking buffer

Secondary Antibodies

Dissolve required anti-
body concentration in 
blocking buffer

6 DAPI stain-
ing 

DAPI

Sterile PBS 

1:100 DAPI in PBS. Pre-
pare fresh solution when 
staining.
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Procedure: 

Preparation of coverslips: For culturing the cells on coverslips and performing IFA we 

treated the coverslips using coverslip wash solution (labelled highly caustic) followed by 

washing with double distilled water (DDW) and 70% ethanol (3hours wash each on a 

shaker). After drying and autoclave the coverslips were used for seeding of cells. 

Immunofluorescence assay procedure:  

In laminar hood, after removal of the media and washing with sterile PBS, fixation of 

cells was done for 15minutes. This was followed by PBS washes (twice, 10minutes) on a 

shaker at room temperature. Permeabilization (10minutes) and blocking (1 hour) with 

appropriate PBS washes after each step was performed.  The primary antibodies were 

used for incubation of coverslips in a humidifying chamber (1hour) and PBS was used as 

negative control. Following washing, 1:1000 dilution of secondary Ab was used in dark 

conditions. Final washing and incubation with 1:100 DAPI solution (10minutes) was 

done and coverslips were mounted on clean slides using fluoromount for visualization. 

IFA analysis: IFA slides were analyzed for the positive or negative staining of cytoskele-

tal antibodies in the treatment groups. The myofibroblast differentiation was confirmed 

on evaluation of αSMA expression. The expression of cytoskeletal proteins were tabulat-

ed for categorization into vimentin, vimentin with αSMA , vimentin with αSMA and 

desmin or Vimentin, αSMA, desmin and myosin phenotype in each study group. 
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For validation of IFA results in relation to myofibroblast profile, we added an additional 

experiment and performed immunohistochemistry (IHC) for cytoskeletal proteins on a 

small sample of normal oral mucosa and different grades of OSMF.  

Experiment 2. IHC for cytoskeletal proteins: 

Principle of antigen (Ag) - Ab binding was along with PolyExcel Horse radish peroxi-

dase/3’3’ diaminobenzidine (HRP/DAB) 2 step kit (Genepulse, Bangalore) was used for 

IHC against cytoskeletal proteins. All primary antibodies including vimentin, anti-actin, 

desmin and myosin heavy chain (Genepulse scientific, Bangalore) were used for IHC. 

DAB was used as chromogen for visual brown detection of the Ag-Ab complex. 

OSMF tissues were categorized into three groups - early (20 cases), intermediate (20 cas-

es) and advanced (20 cases) based on Utsunomiya et al classification. The grades were 

segregated based on evaluation of hematoxylin and eosin stained slides. Normal mucosa 

(5 cases) were taken as control. Six serial sections of 4um thickness were cut on to the gel 

coated slides using a semi-automatic microtome (Leica RM 2145). Routine de-paraf-

finization (10-15 minutes) and dehydration procedure (10 minutes) was done and mi-

crowave heat retrieval (3 rounds at 96℃ for 6 minutes each) was used for retrieval of 

antigens. Buffers and blocking for endogenous peroxidases (15 minutes each) was per-

formed followed by one hour of incubation of all primary Abs. Final treatment with HRP 

(30 minutes) and DAB enabled visualization of the positively stained areas. Hematoxylin 

applied as counter stain. Slides mounted after procedure using di-butyl phthalate xylene 

(DPX). 
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Standardization of IHC procedure was done using standard company provided positive 

and negative controls and these were included during IHC of study tissues. Standard IHC 

protocol was followed and the buffers used included citrate buffer (Genepulse, Banga-

lore) and tris buffer saline (TBS)(Genepulse, Bangalore).  

IHC analysis: 

For myofibroblast phenotype determination in the groups the slides were analyzed for 

cytoskeletal protein expression by tabulating the positive or negative expression and % of 

cells expressing the antibodies. Scoring of αSMA was first done to determine myofibrob-

lasts location in each group and corresponding areas were chosen for evaluation of posi-

tive staining of remaining cytoskeletal Abs. The scoring as per modified criteria16 was 

done by two trained observers and variability (inter and intra observer) was evaluated sta-

tistically by use of kappa statistics (Agreement: 0.89 - Good to excellent).  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Procedures to accomplish the second objective concerning mitochondrial bioener-

getics in myofibroblast transdifferentiation were as follows: 

Experiments: 

1) Mitochondrial membrane permeability using JC-10 assay 

2) Mitophagy, transcription and glycolysis using PINK-1, TFAM and HK-II using 

polymerase chain reaction; IFA and IHC for TFAM. 

3) Mitochondrial morphology and intensity using Mitotracker Red assay 

4) Cell survival using Alamar Blue assay  

All experiments were standardized as per manufacturers instructions and repeated before 

the actual experiments were conducted.  

Experiment 1. Mitochondrial membrane permeability using JC-10 assay  

JC-10 is a green color, lipophilic dye that is capable of entering into the mitochondria of 

cells. The principle of JC-10 dye is similar to JC-1, wherein it changes reversibly to or-

ange-red color aggregates with increase of mitochondrial membrane potential in cells 

with intact mitochondria.105 Fluorescence is measured at two wavelengths - Ex wave-

length at 490/525 nm and Em wavelength at 540/590 nm using fluorescence micro-plate 

reader. 
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Protocol and experiment set up: 

Table 10: Reagents and preparation for JC-10 assay. 

Sr. 
No

Component Criteria/Reagents Preparation/Requirement

1 Assay dye JC-10 vial 
DMSO  
Hanks buffer with 20mM 
Hepes  
Pluronic F-127

2mg/mL (3mM) of JC-10 in 
DMSO. Kept at -20 degree 
Celsius. 
Working solution: 10 to 30 
uM 1x solution in buffer, pH 
7-8 with 0.02% Pluronic 
F-127

2 Cells HGF culture of 10,000 cells/
well in 10% FBS-DMEM

Cells seeded in a clear bot-
tom, black wall 96-wells cul-
ture plate

3 Fluorescence 
plate

For reading of fluorescence 
due to JC-10 aggregates 
formed

Black wall and clear flat bot-
tom, 96-well plate

4 Incubation To maintain stable environ-
ment for the reaction

37 degree Celsius, 5% CO2 
incubator for  30minutes in 
dark conditions

5 Replicates Experiment in triplicates/
group for reliability 

Three wells/study group and 
three wells for blank (no cells 
seeded)

6 Serum Star-
vation

To minimize effect of growth 
factors in the media and to 
synchronize cells before the 
experiment

Incubating cells in 0.2% FBS-
DMEM for 12 hours
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7 Test solutions 0.2% FBS-DMEM for con-
trol group 
Arecoline - 50 µg/mL 
TGF β - 10 ng/ml 
Arecoline + TGF β - combi-
nation of above 
Arecoline + SB431542 - 
50µg/mL arecoline + 10mM 
SB431542 
SB431542 - 10mM 
SB431542

Post treatment, incubate cells 
with working solution of 
JC-10 
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Procedure:  

Cells were treated with reagents indicated in study groups for 24 hours and buffer was 

used for blank wells. JC-10 working solution (100 ul) was added in each well depending 

upon number of treatment groups. Incubation was done under controlled conditions (30 

minutes) and fluorescence changes at Ex/Em = 490/525 (FITC channel) and 540/590nm 

(TRITC channel) was recorded using fluorescent plate reader  for ratio analysis. Fluores-

cent images were captured using  ZOETM fluorescent cell imager [Figure 8](BioRad, 

USA). 

Analysis: Normalization of the data using blank well was done before the ratio analysis 

and plotting of graph.  

 

Figure 8: Components used in JC-10 assay - ZOETM imaging system, fluorescence plate 

and fluorescence plate reader  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Experiment 2. Mitochondrial morphology and intensity analysis using MitoTracker 

Red dye  

MitoTracker probes are membrane permeable and selective mitochondria dyes. They 

work on the principle that Mitotracker dye accumulate in the membrane component of 

mitochondria and are retained after cell fixation. 106 

Protocol and experiment set up: 

Reagents:  

• Mitotracker Red  

• DMEM plain media 

• 3% PFA 

• Permeabilisation buffer 

• PBS 1x 

• Fluoromount  

• Treated coverslips for cell attachment 

• Glass slides 

• Cell culture plate  

Procedure: 

After dye optimization, 50nM Mitotracker Red aliquots were prepared. The cultured cov-

erslips were washed with plain DMEM followed by three PBS washes (10minutes). In-

cubation was done using Mitotracker Red followed by PBS washes (10 minutes each). 

After this the 48 hour treated cells and control group were fixed using 3% PFA in PBS at 

room temperature (15minutes). Washes with PBS and permeabilization of cells (10min-
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utes) was done. Post permeabilisation, incubation of coverslips with DAPI 1:100 and 

washes with PBS (10 minutes). The slides were labelled and coverslips were mounted 

using fluoromount for imaging under fluorescent microscope and for confocal mi-

croscopy. Images were captured at 40x magnification on Olympus BX-51 fluorescence 

microscope or on Zeiss LSM 510 Meta confocal microscope.  

Analysis: Using Image J software [National institute of health (NIH)] the intensity and 

morphology of mitochondria in each of the treatment groups were analysed [Figure 9]. 

 

Figure 9: Process for measuring intensity and shape of mitochondria using MitoTracker 

Red and DAPI stained confocal images of the study groups using NIH Image J software.  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Experiment 3. Mitophagy, Transcription and Glycolysis using PINK-1, HK- II and 

transcription factor of mitochondria A (TFAM). 

Quantitative Real-time Reverse Transcription-Polymerase Chain Reaction (qRT-

PCR): For evaluating the levels of PINK-1, HK-II and TFAM in the study groups, PCR 

was conducted using cells treated for 48 hours. The primers were prepared using primer 

blast and obtained form integrated DNA technologies, USA. Extraction of cellular ri-

bonucleic acid (RNA) was performed using Ambion PurelinkTM kit (Invitrogen, USA) as 

per instructed provided by the manufacturer. The extracted RNA was used with random 

hexamer primers, QuantiTect Reverse Transcription kit for preparation of complementary 

DNA (cDNA) as per  protocol provided by the manufacture. The detection of strands by 

PCR was done as per standard procedure using QuantiTect SYBR green PCR kit (Qia-

gen). The experiment was performed twice in duplicates. 

Primers:  

PINK1 Forward: 5’ - TGCTGTGTATGAAGCCACCA-3’ 

PINK1 Reverse: 5’-AACCTGCCGAGATGTTCCAC-3’ 

Hk-II Forward: 5’-CCCTGCCACCAGACTAAACT-3’ 

HK-II Reverse: 5’-TGGACTTGAATCCCTTGGTC-3’ 

TFAM Forward: 5’- GAGTTGTGTATTGCCAGGAG-3’ 

TFAM Reverse: 5’-ACAGATGAAAACCACCTCG-3’ 

Analysis: Relative expression of gene in each group was analyzed by use of comparative 

delta cycle threshold technique.  
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IFA and IHC for TFAM: For validation of PCR results in relation to TFAM expression, 

we performed IFA and IHC using Ab against TFAM (Rabbit monoclonal, Abcam, USA) 

using the same treatment groups of HGF cells and a small sample of normal oral mucosa 

and different grades of OSMF. The microwave retrieval system was standardized and set 

at 96℃ for 18 minutes (3 cycle, each cycle - 6 minutes). The principle and procedure 

used for IFA and IHC of TFAM is same as that done for cytoskeletal proteins. 

Analysis: IFA results for TFAM were analyzed similar to that of cytoskeletal proteins 

IFA.  IHC analysis was done based on following criteria - localization of immunostaining 

(0 - Absent, 1-focal, 2- juxtaepithelial, 3- throughout the stroma), number of cells stained 

(0-10% cells, 10-25% cells, 25-50% cells and >50% cells), intensity of staining (negative, 

mild to moderate and dark brown) and frequency of positively stained fibroblasts (0- Ab-

sent, 1 to 3 - low expression and 4 to 6 - high or over-expression) 

Experiment 4. Cell survival assay 

Protocol and experiment set up: As mentioned in optimal concentration determination 

experiment using Alamar Blue assay.  

Procedure: The study groups of treated HGF cells were examination at 12, 48 and 72 

hours. At 12hours, the media was discarded and 10% Alamar Blue solution was added to 

the wells. Post 1hour of incubation, the fluorescence was measured using a black wall, 

clear flat bottom 96-well plate at 550nm & 580 nm. After reading the plate, the 0.2% 

DMEM FBS media was replenished and the experiment was continued for 48 and 72 

hours for similarly evaluating the viability/survival of cells. 
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Analysis: Alamar Blue assay was analyzed by normalization of data with the blank wells 

reading and by dividing the values for plotting the graph.  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3. DATA ANALYSIS PLAN 

Cell culture experiments performed were tabulated and data was entered in excel soft-

ware, which was further transferred to SPSS software (version 16.0) for applying appro-

priate tests for statistical anlaysis. 

All the experiments were standardized, conducted post standardization and with repli-

cates. Optimal concentrations of treatment reagents determined were used in the study. 

Data normalization was done for the experiments where indicated.  

Table 11: Statistical tests used for data analysis of experiments 

The differences were considered significant at 95% Confidence Interval and p≤0.05.  

Experiments Application Statistical test used

Alamar Blue assay Optimal concentration de-
termination

One way analysis of vari-
ance (ANOVA) test

Post hoc tukey test

IFA and IHC Determination of myofi-
broblast phenotype and 
TFAM expression

Distribution and frequency

Chi square test

JC-10 assay Mitochondrial membrane 
permeability

One way ANOVA test

Post hoc tukey test

Mitotracker red staining Mitochondrial localisation 
and intensity

One way ANOVA test

Post hoc tukey test

Quantitative Real time 
Polymerase chain reaction

Mitophagy, transcription 
and glycolysis

One way ANOVA test

Post hoc tukey test

Alamar Blue assay Cell Survival One way ANOVA

Post hoc tukey test

Repeated Measure ANOVA 
test

Post hoc least significant 
difference (LSD) test
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4. RESULTS 

I. Results for optimal concentration determination of arecoline and TGFβ using human 

oral fibroblast cells and Alamar Blue assay. 

Table 12 (a): Comparison of cell viability/relative fluorescence of human oral fibroblast 

cells treated with serial dilutions of arecoline (0 to 400 µg/mL) using one-way ANOVA 

test. 

One-way ANOVA test; * indicates significant difference at p≤0.05. 

Arecoline 

(A) 

groups  

(µg/mL)

Mean Std. Deviation F value p value

Ctrl 6018.58 351.66

90.347 0.001*

A6.25 6056.73 540.37

A12.5 5378.02 144.99

A25 5680.44 644.31

A50 4772.10 246.17

A100 3312.98 227.37

A200 2557.57 11.54

A400 1855.52 59.23
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Table 12 (b): Pairwise analysis of serial dilutions of arecoline (0 to 400 µg/mL) using 

post-hoc Tukey’s test. 

Arecoline (A) Group Pair 

(µg/mL)
Difference p value

Ctrl VS A6.25 -38.16 1.000

Ctrl VS A12.5 640.56 0.203

Ctrl VS A25 338.13 0.860

Ctrl VS A50 1246.48 0.001*

Ctrl VS A100 2705.60 0.001*

Ctrl VS A200 3461.00 0.001*

Ctrl VS A400 4163.05 0.001*

A6.25 vs A12.5 678.72 0.153

A6.25 vs A25 376.29 0.784

A6.25 vs A50 1284.63 0.001*

A6.25 vs A100 2743.76 0.001*

A6.25 vs A200 3499.16 0.001*

A6.25 vs A400 4201.21 0.001*

A12.5 vs A25 -302.43 0.915

A12.5 vs A50 605.91 0.258

A12.5 vs A100 2065.039 0.001*

A12.5 vs A200 2820.44 0.001*

A12.5 vs A400 3522.49 0.001*

A25 vs A50 908.34 0.021

A25 vs A100 2367.47 0.001*

A25 vs A200 3122.87 0.001*

A25 vs A400 3824.92 0.001*
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Graph 1 : Graph showing cell viability/relative fluorescence of human oral fibroblasts 

using serial dilutions of arecoline (0 to 400µg/mL) and Alamar Blue assay. 

Error bars represent standard deviation. Post hoc tukey test; * indicates significant differ-

ence at p≤0.05 

Result: As the concentration of arecoline increases from 6.25 µg/mL to 400 µg/mL grad-

ual reduction in cell viability as indicated by relative fluorescence unit of treated cells 

was noted. The results of the assay showed significant difference between the groups.  

The optimal effect as seen from the graph was observed at arecoline 50 µg/mL.  

A50 vs A100 1459.13 0.001*

A50 vs A200 2214.53 0.001*

A50 vs A400 2916.58 0.001*

A100 vs A200 755.40 0.083

A100 vs A400 1457.45 0.001*

A200 vs A400 702.05 0.128
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Table 13 (a): Comparison of cell viability/relative fluorescence of human oral fibroblast 

cells treated with serial dilutions of TGFβ (0 to 20 ng/mL) using one-way ANOVA test. 

One-way ANOVA test; * indicates significant difference at p≤0.05 

Groups 

TGFβ (T) 

groups 

ng/mL

Mean Std. Deviation F value p value

T ctrl 7884.64 149.085

13.878 0.001*

T 0.31 7915.93 169.805

T 0.625 8051.26 172.142

T 1.25 7794.57 218.935

T 2.5 8592.03 254.114

T 5 9187.22 337.933

T 10 8315.28 215.498

T 20 8565.35 190.673
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Table 13 (b): Pairwise analysis of serial dilutions of TGFβ (0 to 20 ng/mL) using post-

hoc Tukey’s test. 

TGFβ group pair Difference p value

T CTRL VS T 0.31 -31.29 1.000

T CTRL VS T 0.625 -166.62 0.979

T CTRL VS T 1.25 90.07 0.999

T CTRL VS T 2.5 -707.39 0.021*

T CTRL VS T 5 -1302.58 0.001*

T CTRL VS T 10 -430.65 0.309

T CTRL VS T 20 -680.71 0.028*

T 0.31 vs T 0.625 -135.33 0.994

T 0.31 vs T 1.25 121.36 0.997

T 0.31 vs T 2.5 -676.10 0.029

T 0.31 vs T 5 -1271.29 0.001*

T 0.31 vs T 10 -399.36 0.393

T 0.31 vs T 20 -649.42 0.038*

T 0.625 vs T 1.25 256.70 0.834

T 0.625 vs T 2.5 -540.77 0.116

T 0.625 vs T 5 -1135.96 0.001*

T 0.625 vs T 10 -264.02 0.815

T 0.625 vs T 20 -514.09 0.149

T 1.25 vs T 2.5 -797.47 0.008*

T 1.25 vs T 5 -1392.65 0.001*

T 1.25 vs T 10 -520.72 0.140

T 1.25 vs T 20 -770.78 0.010*

T 2.5 vs T 5 -595.18 0.067
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Post hoc tukey test; * indicates significant difference at p≤0.05 

Graph 2 : Graph showing cell viability/relative fluorescence of human oral fibroblasts 

using serial dilutions of TGFβ (0 to 20 ng/ml) and Alamar Blue assay.  

Error bars represent standard deviation. Post hoc tukey test;* indicating significant differ-

ence at p≤0.05. 

Results: The results of the assay showed significant difference between the TGFβ treat-

ment groups.  Upto 1.25 ng/mL results were similar to control group, increase was noted 

from 2.5 ng/mL to 5ng/mL while the optimal effect as seen from the graph and tables was 

observed at TGFβ 10 ng/ml.  

T 2.5 vs T 10 276.75 0.779

T 2.5 vs T 20 26.68 1.000

T 5 vs T 10 871.93 0.004*

T 5 vs T 20 621.87 0.051

T 10 vs T 20 -250.07 0.851
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II. Results for experiments of objective 1 - Myofibroblast cytoskeletal phenotype  

Figure 10 (a): Vimentin immunofluorescence assay in study groups after 48 hours of 

treatment [40x] 

Result: Vimentin IFA shows positive expression of vimentin in all the study groups.  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Figure 10(b): Vimentin immunofluorescence assay in study groups after 48 hours of 

treatment [Confocal microscopy images , 60x] 

Result: Confocal images of vimentin IFA showing soluble form of vimentin in control, 

arecoline, arecoline with SB431542 and SB431542 groups while TGFβ shows predomi-

nantly fibrillar vimentin. Arecoline with TGFβ group shows peripheral filament like vi-

mentin while perinuclear soluble vimentin.  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Figure 10(c): αSMA immunofluorescence assay in study groups after 48 hours of treat-

ment [40x] 

  

Result: αSMA expression is noted in arecoline, arecoline with SB431542, TGFβ and the 

combination group of arecoline with TGFβ. This indicates myofibroblast differentiation 

after 48 hours of treatment. The control and SB431542 groups showed negative expres-

sion of αSMA. 
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Figure 10(d): Desmin immunofluorescence assay in study groups after 48 hours of 

treatment [40x] 

Result: Positive immunoexpression of desmin was noted in less than or equal to 25% 

cells in TGFβ and combination of arecoline with TGFβ groups. No expression was ob-

served in control, SB431542, arecoline and arecoline with SB431542 groups. 
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Figure 10(e): Myosin immunofluorescence assay in study groups after 48 hours of treat-

ment [40x] 

Result: IFA for myosin showed negative expression in all the study groups.  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Table 14: Immunofluorescence assay showing expression for vimentin, αSMA, desmin 

and myosin in the different study groups.  

Result: Untreated and SB431542 cells exhibited a vimentin positive phenotype while 

other treatment group cells exhibited  a vimentin with αSMA to vimentin, αSMA and 

desmin positive phenotype.  

Group Vimentin % αSMA % Desmin % Myosin %

1 - Untreated cells >75% posi-
tive 

Absent Absent Absent

2 - Arecoline treated 
cells

>75% posi-
tive 

50 - 75% 
positive

Absent Absent

3 - TGFβ treated cells >75% posi-
tive 

>75% posi-
tive 

Less than or 
equal to 25% 

positive

Absent

4 - Arecoline and 
TGFβ treated cells

>75% posi-
tive 

>75% posi-
tive 

Less than or 
equal to 25% 

positive

Absent

5 - Arecoline and 
SB431542

>75% posi-
tive 

50-75% posi-
tive 

Absent Absent

6 - SB431542 >75% posi-
tive 

Absent Absent Absent
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Table 15: Immunohistochemical expression of cytoskeletal proteins by fibroblasts in 

normal mucosa and different grades of OSMF. 

Result: Normal mucosa exhibits a vimentin positivity (all 5 cases) in the stromal fibrob-

lasts, while early OSMF exhibited vimentin and αSMA positive fibroblasts (20 cases). 

The intermediate and advanced OSMF cases show a predominantly vimentin with αSMA 

positive fibroblasts (20 cases) and only 4 cases of intermediate and 5 cases of advanced 

OSMF exhibited desmin and myosin positivity in less than 10% cells.  

Cytoskeletal 
protein

Normal mu-
cosa (n = 5)

Early OSMF 
(n=20)

Intermediate  
(n=20)

Advanced 
OSMF 
(n=20)

Vimentin 5 cases positive 20 cases posi-
tive

20 cases posi-
tive

20 cases posi-
tive

αSMA 5 cases nega-
tive

20 cases posi-
tive

20 cases posi-
tive

20 cases posi-
tive

Desmin 5 cases nega-
tive

20 cases nega-
tive

2 cases positive 
18 cases nega-
tive (less than 
10% cells)

3 cases positive 
(l0%-20%), 
17 cases nega-
tive

Myosin 5 cases nega-
tive

20 cases nega-
tive

2 case positive 
(less than 10% 
cells 
18 cases nega-
tive

3 cases positive 
(less than 10% 
cells), 
17 cases nega-
tive
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Figure 11: Photomicrographs of normal oral mucosa and grades of OSMF stained with 

antibodies against vimentin, αSMA, desmin, and myosin (40x). Black arrows indicating 

positively stained myofibroblasts and red arrows indicating positivity in basal cells of ep-

ithelium. 

Result: Vimentin positivity was noted in all the study groups. αSMA expression noted in 

blood vessels (positive internal control), no expression noted in fibroblasts. Fibroblasts 

immunoexpression in stroma increased with increase in grade of OSMF. Desmin and 

myosin staining was absent in normal mucosa and early OSMF. The intermediate and ad-

vanced grades of OSMF showed focal (<25% cells) immunoexpression of desmin and 

myosin in αSMA fibroblasts in few case as shown above. These cases also showed basal 

cells of epithelium stained focally positive (<25%) for αSMA, desmin and myosin.  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III. Results for experiments of objective 2. 

Figure 12: Fluorescent microscopy images showing JC-10 dye fluorescence in green and 

orange-red colour in the study groups at 24 hours (10x). 

Predominantly green fluorescence - unhealthy mitochondria; Predominantly orange- red 

fluorescence - healthy mitochondria  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Graph 3: JC-10 assay graph showing relative fluorescence of JC-10 in the study groups.  

(Ctrl - control group, A50 - Arecoline 50 µg/mL, T10 - TGFβ 10 ng/mL, SB - TGFβ 

ALK5 receptor inhibitor SB431542) 

Error bars represent standard deviation. *indicates significant difference at p≤0.05.  
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Table 16 (a):  Intergroup comparison of JC 10 assay of study groups at 24hrs 

One Way ANOVA test; * indicates significant difference at p≤0.05. 

(Ctrl - Control group, A50 - Arecoline 50 µg/mL, T10 - TGFβ 10 ng/mL, SB - TGFβ 

ALK5 receptor inhibitor SB431542) 

Groups Mean
Standard De-

viation (SD)
F value p value

Ctrl 0.200 0.067

50.369 0.001*

A50 0.071 0.007

T10 0.264 0.047

A50 + T10 0.246 0.009

A 50 + SB 0.045 0.006

SB 0.426 0.009
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Table 16 (b): Pairwise comparison of JC10 assay of study groups at 24 hrs 

Post hoc tukey test; * indicates significant difference at p≤0.05. (Ctrl - control group, A50 

- Arecoline 50 µg/mL, T10 - TGFβ 10 ng/mL, SB - TGFβ ALK5 receptor inhibitor 

SB431542) 

Pair Difference p value

Ctrl vs A50 0.129 0.006*

Ctrl vs T10 -0.064 0.270

Ctrl vs A50+T10 -0.045 0.597

Ctrl vs A50+SB 0.155 0.001*

Ctrl vs SB -0.226 0.001*

A50 vs T10 -0.193 0.001*

A50 vs A50+T10 -0.175 0.001*

A50 vs A50+SB 0.026 0.930

A50 vs SB -0.355 0.001*

T10 vs A50+T10 0.018 0.983

T10 vs A50+SB 0.219 0.001*

T10 vs SB -0.162 0.001*

A50+T10 vs A+SB 0.201 0.001*

A50+T10 vs SB -0.181 0.001*

A50+SB vs SB -0.381 0.001*
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Result: Significant depolarization of mitochondria is noted in the arecoline and arecoline 

with SB431542 groups as shown in the graph. The arecoline group and arecoline with 

SB4431542 exhibits predominantly green fluorescence. TGFβ group exhibit least mem-

brane depolarization followed by arecoline with TGFβ group as exhibit by orange-red 

fluorescence. While SB431542 and control groups has healthy mitochondria depicted by 

predominantly orange-red fluorescence.  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Figure 13 (a-f): Confocal microscopy images of study groups [48 hours] showing mito-

chondrial morphology and localization using Mitotracker Red staining and conversion 

with NIH image J software. 

a. Mitotacker red and Image J converted confocal images of Untreated HuGF cells 

showing homogenous and delicate thread-like staining of mitochondria [60x]. 

b. Mitotacker red and Image J converted confocal images of Arecoline treated cells show-

ing round to punctate and dispersed staining of mitochondria [60x].  
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c. Mitotacker red and Image J converted confocal images of TGFβ treated cells showing 

dense, branched and elongated mitochondria [60x]. 

d. Mitotacker red and Image J converted confocal images of Arecoline with TGFβ treated 

cells showing predominantly dense, branched and elongated mitochondria with few punc-

tate round mitochondria [60x].  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e. Mitotacker red and Image J converted confocal images of Arecoline with SB431542 

treated cells showing predominantly punctate round mitochondria [60x]. 

f. Mitotacker red and Image J converted confocal images of SB431542 treated cells 

showing predominantly fine fibrillar mitochondria [60x]. 

Results: Mitotracker Red staining demonstrates distinct mitochondrial morphology in all 

the study groups. Delicate thread like or fibrillar morphology - healthy mitochondria; 

punctate round morphology - fission; and elongated, branched swollen morphology -  fu-

sion of mitochondria.  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Table 17(a): Intergroup comparison of normalized (Red/Blue) ratio of study groups by 

intensity analysis of Mitotracker Red dye using one-way ANOVA. 

* indicates significant difference at p≤0.05. (Ctrl - control group, A50 - Arecoline 50 µg/

mL, T10 - TGFβ 10 ng/mL, SB - TGFβ ALK5 receptor inhibitor SB431542) 

Groups Mean SD F value p value

Ctrl 0.05 0.03

18.772 0.001*

A50 0.54 0.11

T10 0.79 0.20

A50+T10 2.46 0.85

A50+SB 0.34 0.06

SB 0.10 0.03
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Table 17(b): Pairwise comparison of normalized ratio (Red/Blue) of study groups by in-

tensity analysis of Mitotracker Red dye using post-hoc tukey test. 

* indicates significant difference at p≤0.05 

(Ctrl - control group, A50 - Arecoline 50 µg/mL, T10 - TGFβ 10 ng/mL, SB - TGFβ 

ALK5 receptor inhibitor SB431542)  

Pair Difference p value

Ctrl vs A50 -0.49 0.573

Ctrl vs T10 -0.73 0.199

Ctrl vs A50+T10 -2.41 0.001*

Ctrl vs A50+SB -0.29 0.920

Ctrl vs SB -0.05 1.000

A50 vs T10 -0.24 0.956

A50 vs A50+T10 -1.92 0.001*

A50 vs A50+SB 0.21 0.978

A50 vs SB 0.44 0.664

T10 vs A50+T10 -1.67 0.001*

T10 vs A50+SB 0.45 0.651

T10 vs SB 0.69 0.251

A50+T10 vs A50+SB 2.12 0.001*

A50+T10 vs SB 2.36 0.001*

A50+SB vs SB 0.24 0.961
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Graph 4: Graph representing Mitotracker Red intensity analysis results of the study 

groups [48 hours]. 

Error bars represent standard deviation. One way ANOVA, post hoc-tukey test; * indi-

cates significant difference at p≤0.05. 

(Ctrl - control group, A50 - Arecoline 50 µg/mL, T10 - TGFβ 10 ng/mL, SB - TGFβ 

ALK5 receptor inhibitor SB431542) 

Results: Significantly high intensity of fluorescence is noted in the arecoline with TGFβ 

group. 
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Table 18 (a): Intergroup comparison of HKII expression in the study groups at 24 hours 

using one-way ANOVA. 

* indicates significant difference at p≤0.05. (Ctrl - Control group, A50 - Arecoline 50 µg/

mL, T10 - TGFβ 10 ng/mL, SB - TGFβ ALK5 receptor inhibitor SB431542)  

Groups Mean SD F value p value

Ctrl 0.00 0.04

23.350 0.001*

A50 2.280 0.08

T10 0.555 0.20

A50+T10 1.220 0.29

A50+SB 1.965 0.16

SB 1.785 0.50
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Table 18 (b): Pairwise comparison of HKII expression in study groups at 24 hrs using 

post hoc-tukey test. 

Post hoc tukey test; * indicates significant difference at p≤0.05. (Ctrl - control group, A50 

- Arecoline 50 µg/mL, T10 - TGFβ 10 ng/mL, SB - TGFβ ALK5 receptor inhibitor 

SB431542) 

Pair Difference p value

Ctrl vs A50 -2.280 0.001*

Ctrl vs T10 -0.555 0.323

Ctrl vs A50+T10 -1.220 0.023*

Ctrl vs A50+SB -1.965 0.002*

Ctrl vs SB -1.785 0.003*

A50 vs T10 1.725 0.004*

A50 vs A50+T10 1.060 0.044*

A50 vs A50+SB 0.315 0.814

A50 vs SB 0.495 0.471

T10  vs A50+T10 -0.665 0.235

T10  vs A50+SB -1.410 0.012*

T10  vs SB -1.230 0.022*

A50+T10  vs A50+SB -0.745 0.166

A50+T10  vs SB -0.565 0.358

A50+SB vs SB 0.180 0.975

76



Graph 5: Graph showing Hexokinase-II expression in study groups using qRT PCR at 24 

hours.   

One way ANOVA, post hoc-tukey test; * indicates significant difference at p≤0.05. Error 

bars represent standard deviation. (Ctrl - control group, A50 - Arecoline 50 µg/mL, T10 - 

TGFβ 10 ng/mL, SB - TGFβ ALK5 receptor inhibitor SB431542) 

Result: Cells treated with arecoline and arecoline with SB431542 exhibit significantly 

higher expression of HKII as compared to the controls. Increased HKII expression in 

cells is indicative of higher glycolytic switch in cells.  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Table 19(a): Intergroup comparison of PINK1 expression in study groups at 48 hours 

using one way ANOVA test. 

One Way ANOVA test; * indicates significant difference at p≤0.05. (Ctrl - control group, 

A50 - Arecoline 50 µg/mL, T10 - TGFβ 10 ng/mL, SB - TGFβ ALK5 receptor inhibitor 

SB431542) 

Groups Mean SD F value p value

Ctrl 0.000 0.099

99.224 0.001*

A50 -0.875 0.078

T10 0.215 0.035

A50+T10 0.530 0.085

A50+SB 0.030 0.042

SB 0.065 0.021
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Table 19(b): Pairwise comparison of PINK1 expression in study groups at 48 hrs using 

post hoc-tukey test. 

Post hoc tukey test; * indicates significant difference at p≤0.05. (Ctrl - control group, A50 

- Arecoline 50 µg/mL, T10 - TGFβ 10 ng/mL, SB - TGFβ ALK5 receptor inhibitor 

SB431542) 

Pair Difference p value

Ctrl vs A50 0.875 0.001*

Ctrl vs T10 -0.215 0.113

Ctrl vs A50+T10 -0.530 0.002*

Ctrl vs A50+SB -0.030 0.996

Ctrl vs SB -0.065 0.910

A50 vs T10 -1.090 0.001*

A50 vs A50+T10 -1.405 0.001*

A50 vs A50+SB -0.905 0.001*

A50 vs SB 0.940 0.001*

T10 vs A50+T10 -0.315 0.023*

T10 vs A50+SB 0.185 0.187

T10 vs SB 0.150 0.334

A50+T10  vs A50+SB 0.500 0.002*

A50+T10  vs SB 0.465 0.003*

A50+SB vs SB -0.035 0.993
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Graph 6: Graph showing PINK1 expression in study groups using qRT PCR at 48 hours. 

One way ANOVA, post hoc-tukey test; * indicates significant difference at p≤0.05. Error 

bars represent standard deviation. (Ctrl - control group, A50 - Arecoline 50 µg/mL, T10 - 

TGFβ 10 ng/mL, SB - TGFβ ALK5 receptor inhibitor SB431542) 

Result: Significantly higher expression of PINK1 is found in the arecoline with TGFβ as 

compared to controls, while the arecoline group demonstrates down regulation as com-

pared to the control group at 48 hours.  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Table 20(a): Intergroup comparison of qRT PCR levels of TFAM in study groups at 48 

hrs using one way ANOVA test. 

One Way ANOVA test; * indicates significant difference at p≤0.05. (Ctrl - control group, 

A50 - Arecoline 50 µg/mL, T10 - TGFβ 10 ng/mL, SB - TGFβ ALK5 receptor inhibitor 

SB431542) 

Groups Mean SD F value p value

Ctrl 0.000 0.113

19.490 0.001*

A50 -0.320 0.028

T10 0.345 0.219

A50+T10 0.510 0.141

A50+SB -0.555 0.205

SB -0.535 0.049
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Table 20(b): Pairwise comparison of qRT PCR levels of TFAM in study groups at 48 

hours using post hoc-tukey test. 

Post hoc tukey test; * indicates significant difference at p≤0.05. (Ctrl - control group, A50 

- Arecoline 50 µg/mL, T10 - TGFβ 10 ng/mL, SB - TGFβ ALK5 receptor inhibitor 

SB431542) 

Pair Difference p value

Ctrl vs A50 0.320 0.351

Ctrl vs T10 -0.345 0.292

Ctrl vs A50+T10 -0.510 0.082

Ctrl vs A50+SB 0.555 0.059

Ctrl vs SB 0.535 0.068

A50 vs T10 -0.665 0.027*

A50 vs A50+T10 -0.830 0.009*

A50 vs A50+SB 0.235 0.615

A50 vs SB 0.215 0.686

T10  vs A50+T10 -0.165 0.850

T10  vs A50+SB 0.900 0.006*

T10  vs SB 0.880 0.007*

A50+T10  vs A50+SB 1.065 0.003*

A50+T10  vs SB 1.045 0.003*

A50+SB vs SB -0.020 1.000
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Graph 7: Graph showing TFAM expression in study groups using qRT PCR at 48 hours. 

One way ANOVA, post hoc-tukey test; * indicates significant difference at p≤0.05. Error 

bars represent standard deviation. (Ctrl - control group, A50 - Arecoline 50 µg/mL, T10 - 

TGFβ 10 ng/mL, SB - TGFβ ALK5 receptor inhibitor SB431542) 

Results: qRT PCR results demonstrate that TFAM levels of groups is similar to the con-

trol however, significant difference is observed between the arecoline and TGFβ and 

arecoline with TGFβ  as compared to arecoline and arecoline with SB431542 groups.  

83

Fo
ld

 in
cr

ea
se

0

0.4

0.8

1.2

1.6

Ctrl A50 T10 A50+T10 A50+SB SB

TFAM



Figure 14: TFAM immunofluorescence assay in study groups after 48 hours of treatment 
[40x] 
 

Results: IFA results indicate strong positive fluorescence in the TGFβ and arecoline with 

TGFβ group in >75% cells as compared to the other study groups (20 to 30% cells).  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Figure 15 (a,b): Photomicrographs of normal oral mucosa and grades of OSMF stained 

with antibodies against TFAM [40x].   

a) Absence of TFAM stained in normal oral mucosa [40x] 

Result: Absence of TFAM staining in normal mucosa in both epithelium and connective 

tissue.  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b) Immunoexpression of TFAM in OSMF tissues [40x]. Black arrows indicating positive 

expression in fibroblasts in grades of OSMF. Red arrows indicating staining in epitheli-

um. 

Result: Early OSMF show cytoplasmic TFAM immunoexpression in myofibroblasts lo-

cated subepithelially. Moderate and advanced OSMF show myofibroblasts positive for 

TFAM even in the deeper stroma.  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Table 21 (a): Distribution of positively stained fibroblasts localization in each study 

groups n (%) 

Result: No staining for TFAM was noted in normal mucosa and 45% early OSMF tis-

sues. The remaining 55% cases of early OSMF showed TFAM positive fibroblasts focally 

or in the juxtaepithelial location. Intermediate OSMF showed 65% cases with juxtaep-

ithelial localization, while 75% cases showed distribution throughout the stroma. 

Table 21(b): Distribution of positively stained fibroblasts % in study groups [n (%)] 

Result: No or minimum staining for TFAM was noted in normal mucosa and 95% early 

OSMF tissues. The remaining 1 case of early OSMF showed less than 25% TFAM posi-

Groups Absent Focal
Juxtaepithe-

lial
Throughout

Normal mucosa 5 (100) 0 0 0

Early OSMF 9 (45) 9 (45) 2 (10) 0

Intermediate 
OSMF

0 1 (5) 13 (65) 6 (30)

Advanced OSMF 0 1 (5) 4 (20) 15 (75)

Groups 0-10 10-25 25-50 >50

Normal mucosa 5 (100) 0 0 0

Early OSMF 19 (95) 1 (5) 0 0

Intermediate 
OSMF

0 10 (50) 10 (50) 0

Advanced OSMF 0 1 (5) 10 (50) 9 (45)
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tive fibroblasts. Intermediate OSMF showed 50% cases with both less than 25% and 25 

to 50% TFAM positive fibroblasts, while 95% cases of advanced OSMF showed more 

than 25% TFAM positive fibroblasts. 

Table 21(c): Distribution of positively stained fibroblasts intensity in study groups [n 

(%)] 

Results: All cases of normal mucosa and 45% of early OSMF showed a lack of TFAM 

staining in the stroma. Intensity of staining was mild to moderately brown in 55% cases 

of early OSMF. Dark brown intensity of staining was observed in 90% cases of interme-

diate and 85% cases of advanced OSMF. 

Groups Negative Mild to moderate-
ly brown

Dark brown

Normal mucosa 5 (100) 0 0

Early OSMF 9 (45) 11 (55) 0

Intermediate OSMF 0 2 (10) 18 (90)

Advanced OSMF 0 3 (15) 17 (85)
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Table 21 (d): Overall comparison of positively stained fibroblasts frequency among 

study groups [n (%)] 

Chi-square test; * indicates significant difference at p≤0.05 

Result: The frequency of TFAM positive fibroblasts increases with increase in the grade 

of OSMF. Highest TFAM expression was noted in the advanced OSMF cases (85%).  

Groups Absent Low High χ2 value p value

Normal mucosa 5 (100) 0 0

74.598 0.001*
Early OSMF 19 (95) 1 (5) 0

Intermediate 
OSMF

0 12 (60) 8 (40)

Advanced OSMF 0 3 (15) 17 (85)
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Table 21 (e): Pairwise intergroup comparison of TFAM positive fibroblasts frequency 

among study groups 

 Chi-square test; * indicates significant difference at p≤0.05; NS: Non-significant 

Result: The normal mucosa and early cases of OSMF showed similar results in terms of 

TFAM expression. Significant difference was noted amongst the other study groups.  

Pair χ2 value p value

Normal mucosa vs Early OSMF 0.260 1.000 (NS)

Normal mucosa vs Intermediate 
OSMF

25.000 0.001*

Normal mucosa vs Advanced OSMF 25.000 0.001*

Early OSMF vs Intermediate OSMF 36.308 0.001*

Early OSMF vs Advanced OSMF 37.000 0.001*

Intermediate OSMF vs Advanced 
OSMF

8.640 0.008*
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IV. Cell survival assay for study groups using Alamar Blue at 12, 48 and 72 hours 

Table 22 (a) Intergroup comparison of study groups for cell survival using Alamar Blue 

at 12 hours 

One Way ANOVA test; * indicates significant difference at p≤0.05 

(Ctrl - control group, A50 - Arecoline 50 µg/mL, T10 - TGFβ 10 ng/mL, SB - TGFβ 

ALK5 receptor inhibitor SB431542)  

Groups Mean SD F value p value

Ctrl 6734.726 306.4135

21.250 0.001*

A50 5991.76 128.0852

T10 6893.803 160.734

A50+T10 5832.723 234.610

A505+SB 3960.906 863.590

SB 5449.611 117.578
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Table 22 (b) Pairwise comparison of study groups for cell survival using Alamar Blue at 

12 hours 

Post hoc tukey test; * indicates significant difference at p≤0.05. (Ctrl - control group, A50 

- Arecoline 50 µg/mL, T10 - TGFβ 10 ng/mL, SB - TGFβ ALK5 receptor inhibitor 

SB431542) 

Pair Difference p value

Ctrl vs A50 742.966 0.271

Ctrl vs T10 -159.076 0.996

Ctrl vs A50+T10 902.004 0.130

Ctrl vs A50+SB 2773.820 0.001*

Ctrl vs SB 1285.115 0.018*

A50 vs T10 -902.042 0.130

A50 vs A50+T10 159.038 0.996

A50 vs A50+SB 2030.854 0.001*

A50 vs SB 542.149 0.574

T10 vs A50+T10 1061.080 0.059

T10 vs A50+SB 2932.869 0.001*

T10 vs SB 1444.192 0.008*

A50+T10 vs A50+SB 1871.816 0.001*

A50+T10 vs SB 383.112 0.839

A50+SB vs SB -1488.705 0.006*
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Table 22 (c) Intergroup comparison of study groups for cell survival using Alamar Blue 

at 48hours 

One Way ANOVA test; * indicates significant difference at p≤0.05. (Ctrl - control group, 

A50 - Arecoline 50 µg/mL, T10 - TGFβ 10 ng/mL, SB - TGFβ ALK5 receptor inhibitor 

SB431542) 

Groups Mean SD F value p value

Ctrl 7911.885 688.639

14.909 0.001*

A50 7388.788 698.723

T10 9099.850 815.362

A50+T10 7889.326 128.509

A505+SB 5639.970 226.426

SB 6469.655 284.225
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Table 22 (d) Pairwise comparison of study groups for cell survival using Alamar Blue at 

48 hours 

Post hoc tukey test; * indicates significant difference at p≤0.05. (Ctrl - control group, A50 

- Arecoline 50 µg/mL, T10 - TGFβ 10 ng/mL, SB - TGFβ ALK5 receptor inhibitor 

SB431542) 

Pair Difference p value

Ctrl vs A50 503.098 0.839

Ctrl vs T10 -1187.965 0.152

Ctrl vs A50+T10 22.559 1.000

Ctrl vs A50+SB 2271.915 0.003*

Ctrl vs SB 1442.231 0.060

A50 vs T10 -1711.062 0.022*

A50 vs A50+T10 -500.538 0.861

A50 vs A50+SB 1748.818 0.019*

A50 vs SB 919.133 0.362

T10 vs A50+T10 1210.524 0.141

T10 vs A50+SB 3459.880 0.001*

T10 vs SB 2630.195 0.001*

A50+T10 vs A50+SB 2249.356 0.003*

A50+T10 vs SB 1419.671 0.066

A50+SB vs SB -829.685 0.463
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Table 22 (e) Intergroup comparison of study groups for cell survival using Alamar Blue 

at 72 hours 

One Way ANOVA test; * indicates significant difference at p≤0.05. (Ctrl - control group, 

A50 - Arecoline 50 µg/mL, T10 - TGFβ 10 ng/mL, SB - TGFβ ALK5 receptor inhibitor 

SB431542) 

Groups Mean SD F value p value

Ctrl 7892.489 52.742

92.788 0.001*

A50 8535.705 576.2208

T10 9821.396 574.7894

A50+T10 12811.94 456.0655

A505+SB 7201.325 51.93396

SB 6835.254 268.4913
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Table 22 (f) Pairwise comparison of study groups for cell survival using Alamar Blue at 

72 hours 

Post hoc tukey test; * indicates significant difference at p≤0.05. (Ctrl - control group, A50 

- Arecoline 50 µg/mL, T10 - TGFβ 10 ng/mL, SB - TGFβ ALK5 receptor inhibitor 

SB431542) 

Pair Difference p value

Ctrl vs A50 -643.216 0.404

Ctrl vs T10 -1928.907 0.001*

Ctrl vs A50+T10 -4919.450 0.001*

Ctrl vs A50+SB 691.164 0.335

Ctrl vs SB 1057.235 0.059

A50 vs T10 -1285.691 0.018*

A50 vs A50+T10 -4276.235 0.001*

A50 vs A50+SB 1334.380 0.014*

A50 vs SB 1700.451 0.002*

T10 vs A50+T10 -2990.544 0.001*

T10 vs A50+SB 2620.071 0.001*

T10 vs SB 2986.142 0.001*

A50+T10 vs A50+SB 5610.615 0.001*

A50+T10 vs SB 5976.686 0.001*

A50+SB vs SB 366.071 0.861
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Table 22 (g): Cell survival in study groups using Alamar Blue assay at 12 hours, 48 hours 

and 72 hours. 

Repeated Measure ANOVA test; * indicates significant difference at p≤0.05. (Ctrl - con-

trol group, A50 - Arecoline 50 µg/mL, T10 - TGFβ 10 ng/mL, SB - TGFβ ALK5 receptor 

inhibitor SB431542) 

Groups 12 hours 48 hours 72 hours p value

Ctrl
Mean 6734.726 7911.885 7892.489

0.077
SD 306.413 688.639 52.742

A50
Mean 5991.760 7388.788 8535.705

0.006*
SD 128.085 698.723 576.221

T10
Mean 6893.803 9099.850 9821.396

0.003*
SD 160.734 815.362 574.789

A50+T10
Mean 5832.723 7889.326 12811.940

0.001*
SD 234.610 128.509 456.065

A50+SB
Mean 3960.906 5639.970 7201.325

0.003*
SD 863.590 226.426 51.933

SB
Mean 5449.611 6469.655 6825.254

0.008*
SD 117.578 284.225 268.491
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Table 22 (h): Pairwise comparison of cell survival at 12 hours, 48 hours and 72 hours for 

cell survival using Alamar Blue assay (data represented using p-values). 

Post hoc LSD test; * indicates significant difference at p≤0.05. (Ctrl - control group, A50 

- Arecoline 50 µg/mL, T10 - TGFβ 10 ng/mL, SB - TGFβ ALK5 receptor inhibitor 

SB431542) 

Groups 12 hours vs 48 

hours

12 hours vs 72 

hours 

48hours vs 72 

hours

Ctrl 0.174 0.023* 0.966

A50 0.099 0.023* 0.028*

T10 0.044* 0.015* 0.045*

A50 + T10 0.008* 0.003* 0.003*

A50 +SB 0.054 0.025* 0.008*

SB 0.012* 0.025* 0.343
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Graph 8: Graph showing cell survival/relative fluorescence of human oral fibroblasts 

treatment groups at 12, 48 and 72 hours using Alamar Blue assay. 

 Error bars represent standard deviation. * indicates significant difference 

(Ctrl - control group, A50 - Arecoline 50 µg/mL, T10 - TGFβ 10 ng/mL, SB - TGFβ 

ALK5 receptor inhibitor SB431542) 

Results: On treating the cell groups and evaluating cell survival at 12hours, 48hours and 

72 hours, significant cell survival is noted in the TGFβ and arecoline with TGFβ groups 

as compared to the control. Maximum survival is seen in the arecoline with TGFβ group. 

Significant cell death is noted in the arecoline with SB431542 group, while other groups 

showed survival similar to control group at 12, 48 and 72 hours.  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5. DISCUSSION 

OSMF presents with wide range of clinical and histological features that pro-

gresses irreversibly and affect the overall life of the affected patients. OSMF cases have 

been observed in patients from below 10 years to 80 years and above.35-38 OSMF can 

cause significant debilitation and mortality considering its potential and estimated malig-

nant change of 1.5-15% worldwide and 7.6% in India. 35, 51, 107-113 

The pathogenesis of OSMF is dynamic and involves spiraling of fibrotic changes 

due to interplay of various regulators. Extensive work in relation to OSMF has implicated 

primarily arecoline and TGFβ in the pathogenesis of OSMF. Histological findings ac-

counted include cellular changes (inflammation and fibroblast differentiation), stromal 

changes (collagen and vascular changes) along with epithelial changes (atrophy and loss 

of rete pegs); these help in identifying the biological progression of OSMF. 35, 51 These 

tissue level changes primarily exhibit themselves as clinical signs and symptoms includ-

ing mucosal alterations, fibrous bands, restriction of function and stiffening of involved 

tissues, etc. 

 At molecular level, arecoline can control the cell proliferation, release of ROS, 

DNA vitiation and cell death. 6, 31, 55, 114, 115  Arecoline also mediates lysyl oxidase based 

collagen cross-linking. 6,55, 116 Recently, synergistic actions of arecoline with tobacco use 

and alcohol have also been explored and found to be responsible in bringing about quick 

malignant change in the tissues. 4, 6, 84, 117, 118, 119 
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To understand these dynamic cellular and molecular changes in OSMF, we aimed 

to evaluate the role of arecoline and TGFβ on mitochondrial bioenergetics during myofi-

broblast transdifferentiation.  

Primary HGFs were used for our work and an environment essential for arecoline 

and  TGFβ induced myofibroblast differentiation was created by treating the cells at 

12hours, 48 hours and 72 hours. Both arecoline and TGFβ have pleiotropic effects, hence 

evaluation of the optimal or sub-cytotoxic arecoline and TGFβ concentrations was need-

ed. We first performed Alamar Blue assay for sub-toxic concentration determination. 

Arecoline at the concentration of 50µg/mL gave optimal results and TGFβ at 10ng/mL 

[Table 12(a, b), Table 13(a, b), Graph 1 & 2 ]. Literature suggests similar concentration of 

arecoline 50µg/mL to 100µg/mL were used for studying myofibroblast differentiation.26, 

86, 115 Chang YC et al 115 found that arecoline concentrations >50µg/mL could lead to cy-

totoxicity. Costea DE et al 26 and Pant I et al 86 also used concentrations of TGFβ ranging 

from 5ng/mL to 10ng/mL for studying fibroblast differentiation. As per literature, we 

used TGFβ ALK5 receptor inhibitor SB431542 at 10 µM an hour prior to arecoline 

treatment. 85, 86, 120, 121  

It is known that in cultured fibroblasts can differentiate to functional biotypes of 

myofibroblasts that exhibit αSMA between 48 to 72 hours after treatment with appropri-

ate agent.24, 25, 85, 86 It has been hypothesized that these cells show immune or cellular 

adaptations against apoptosis and thereby promote fibrosis.13, 17, 64 The cell alters its cy-

toskeletal proteins form for modulating this adaptation and in response to matrix stress. 

Also, research has shown that with progression from granulation tissue like conditions to 

101



scarring, the fibroblasts adapt from primarily expressing vimentin alone or vimentin with 

αSMA to eventually showing additional transitions with positive expression of desmin 

and/or muscle myosin. 21, 22, 65 For confirmation of myofibroblast differentiation and to 

study their cytoskeletal heterogeneity, the study group cells were treated for 48 hours and 

evaluated for expression of αSMA, vimentin, desmin and muscle myosin.  

As fibroblasts belong to mesenchymal lineage, all the study groups demonstrated 

vimentin positivity in the cytoskeleton. They key role of vimentin was identified in heal-

ing and fibrosis and it was put forth that deficiency of vimentin leads to healing defects 

while excessive vimentin could bring about scarring. Vimentin is also known to foster 

development of an invasive property in apoptosis resistant fibroblasts. 122 Vimentin sub-

sists in two main forms - soluble particles and filamentous/insoluble forms (short and 

long filaments) based on functional requirement. Soluble form enables migration while 

insoluble form aids in matrix invasion. Vimentin phosphorylation causes intermediate 

filament disassembly. 123 Vimentin also regulates the adhesion assembly necessary for 

adhesion and stabilization to matrix collagen. The expression of vimentin in epithelial 

cells is indicative of possible EMT. We found distinct arrangement of vimentin in the 

TGFβ and combination of arecoline with TGFβ group as compared to the control [Figure 

10 (a, b)]. In groups with TGFβ, the vimentin showed a more filamentous arrangement 

while the other groups demonstrated predominantly homogenous-looking aggregates dis-

tributed diffusely in the cytoplasm [Figure 10 (b)]. This was similar to the findings of 

Surolia R et al 122 who explained that definite fibrillar arrangement of vimentin indicated 

its role invasion in IPF. Filamentous form of vimentin is commonly observed in cells that 

102



are resistant to apoptosis. Thus indicating its possible role in cell survival. Chang YC et al 

124 found that arecoline treatment could bring about vimentin expression in the fibroblasts 

cultured from the buccal mucosa. They indicated that this could probably be subsets of 

fibroblasts which react to internal genetic or other external modulation. Zheng L et al, 125 

studied effect of miRNAs on arecoline induced EMT and put forth the role of vimentin in 

modulation of the same. Our results thus indicate that all cell groups showed a V pheno-

type (>75% cells )[Table 14]. The HGF cells exhibited different patterns of vimentin 

arrangement in arecoline and TGFβ groups as compared to control, highlighting the pos-

sible role of vimentin in migration and survival, thereby in the pathogenesis of OSMF. 

This however, needs further assessment by silencing RNA treatments and knockout ex-

periments. 

αSMA is the prime indicator of myofibroblast transdifferentiation (contractile iso-

form), and is associated with the process of mechanosensing in healing/fibrosis. 

Mechanosensing is the process exhibited by myofibroblasts riposte to matrix tension. In 

fibrosis and aging, the ROS mediated changes are said to eventually sulfoxizide actin 

which causes decreased new filament formation, thereby affecting the contractile func-

tion. 126 It has been observed in various models of fibrosis that αSMA is upregulated on 

treatment with TGFβ and other profibrotic agents. In our work, we found that except the 

HGF cell control and SB431542 groups, all the remaining groups showed positive ex-

pression of αSMA indicating myofibroblast differentiation and VA phenotype after 48 

hours of treatment [Table 14, Figure 10(c)]. The arecoline treated cells showed 50-75% 

cells exhibiting αSMA, while the remaining TGFβ and arecoline with TGFβ groups had 
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75%-100% cells exhibiting αSMA expression [Table 14]. This indicated strong differenti-

ation of fibroblasts in response to TGFβ. This was in accordance with the studies by 

Bernard K,24 Negmadjanov et al 25 and Chang YC et al 115 who found up regulation of 

αSMA in relation to myofibroblast differentiation. 

Desmin, being a type III IF also plays a role in fibrosis and has been targeted for 

reversal strategies against desmin positive myofibroblasts in curtail or reverse fibrosis. In 

liver fibrosis and corneal injury-fibrosis, desmin along with vimentin is highly upregulat-

ed. 127 Chaurasia et al have shown a typical VA+ to VAD+ transition of myofibroblasts in 

corneal healing. 128 Similar to vimentin, the role of desmin has also been studies in EMT 

type II. To understand the expression of desmin in HGF cells, we used IFA for the treated 

cells and found that the TGFβ and their combination group showed expression of desmin 

in less than or equal to 25% cells [table 14, figure 10(d)]. No expression was observed in 

the untreated, arecoline, arecoline with SB431542, and SB431542 groups. Thus exhibit-

ing a smaller subpopulation of treated cells showing VAD+ phenotype in response to 

TGFβ and arecoline with TGFβ. Another rare phenotype of myofibroblasts documented 

demonstrates the expression of muscle myosin heavy chains. However, expression of 

muscle myosin was negative in all the study groups [figure 10(e)]. Overall, except the 

control and SB431542 groups that demonstrate V+ phenotype, the other treated cells 

showed VA + to VAD+ phenotype.  

To validate the findings of IFA and determine the phenotype of myofibroblasts in 

OSMF tissues, we immunostained the serial sections of tissues including grades of 

OSMF and normal mucosa against the cytoskeletal antibodies. We found that all cases of 
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normal oral mucosa and OSMF showed vimentin positive fibroblasts [Table 15, Figure 

11]. This was in accordance with Sawant et al 129 who found vimentin expression in po-

tentially malignant oral pathologies associated with areca nut chewing habit. They also 

observed that vimentin stained intense and was localized sub-epithelially as well as in the 

deeper tissues in advanced grades of OSMF. Nayak et al 130 have also demonstrated in-

tense staining of vimentin in OSMF group than in  normal mucosa.  

Further, we observed that except normal mucosa, all cases of OSMF showed 

αSMA positive myofibroblasts [Table 15, Figure 11]. In congruence with observations of 

Moutasim et al 32 and Angadi et al 103 we could demonstrate increased frequency of 

αSMA myofibroblasts in progressive grades of OSMF as compared to the normal con-

trols. These αSMA positive cells were used as location guide for observing desmin and 

myosin immunoexpression. 

In relation to desmin and myosin, we found that the immunoexpression was nega-

tive in normal mucosa group, except limited to muscle and blood vessels. In intermediate 

and advanced OSMF tissues, we found 2 out of 20 cases and 3 out of 20 cases that exhib-

ited desmin positivity in less than 10% cells and 10% - 20% cells respectively [Table 15]. 

These myofibroblasts were typically located juxtaepithelially and also showed scanty/fo-

cal positive expression of desmin and myosin in the basal cells of epithelium. The same 

cases also demonstrated positive vimentin and αSMA expression in epithelial basal cells 

[Figure 11]. Those cases showing VAD+ and VADM+ myofibroblast phenotype and ep-

ithelium with positive staining for the same may be indicating an intermediate stage of 

possible epithelial-mesenchymal transition and may need additional research with larger 
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sample for generalization of the results. This was also put forth by Chaw SY et al 131 who 

showed vimentin positivity in oral malignancies and EMT.  

However, the IHC results support the IFA findings and in congruence with find-

ings observed in pathological conditions, wherein the myofibroblast show a progressive 

change from V+ to VA+ or VAD+ and rarely VADM+ phenotype with specialized mor-

phological arrangement of cytoskeleton. 

To study the functional changes of cells undergoing the process of differentiation 

we studied the changes in the mitochondria. Mitochondria has been largely studied in 

cancer cells and cancer-associated fibroblasts in relation to their shift from OXPHOS to 

glycolysis. Recent literature reveals that mitochondrial changes in fibroblasts promote 

myofibroblast differentiation and have a role in their survival in tissue fibrosis. We as-

sessed the functional changes by evaluating the mitochondrial membrane potential of the 

cells after 24 hours of treatment. At 24 hours, both arecoline with SB431542 and arecol-

ine group (without SB431542) showed significant mitochondrial depolarization [Graph 3, 

Table 16(a, b)] as compared to the control and other treatment groups. This was also not-

ed on imaging of cells used for the assay wherein maximum depolarization was depicted 

by predominantly green fluorescence of the cells was observed in the arecoline and 

arecoline with SB431542 groups [Figure 12]. In contrast, the TGFβ, arecoline with TGFβ 

and SB431542 groups demonstrated orange red fluorescence and results similar to the 

control group indicating healthy mitochondrial membrane potential. This confirms the 

understanding that arecoline via ROS generation can affect the mitochondria and lead to 

mitochondrial membrane depolarization. This is in contrast to the studies done on organ 
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fibrosis which showed depolarization of cells on treatment with TGFβ. This could be at-

tributed to the differential cellular response and different concentrations used by re-

searchers in models of organ fibroses. 

Further, it is known that mitochondrial depolarization is associated with the mor-

phological changes in mitochondria as mimicked through the underlying process of fis-

sion and fusion. 93 To study the mitochondrial morphology of 48 hours treated cells, we 

used Mitotracker Red staining and confocal microscopy images of the study groups. We 

found that the control and SB431542 groups behaved similar and showed a very delicate 

network of mitochondria not indicative of any evident changes [Figure 13 (a, f)]. Fission 

as indicated by round puncta-like mitochondria was observed in the arecoline and arecol-

ine with SB431542 groups, while fusion indicated by elongated, branched and swollen 

mitochondria was found in the TGFβ and combination group of arecoline with TGFβ 

[Figure 13 (b-e)]. We further compared the intensity of Mitotracker Red staining in the 

study groups and found that arecoline with TGFβ showed significantly higher intensity as 

compared to the control and other groups[Graph 4, Table 17(a, b)]. Overall, mitochondria 

responds to ROS and stress by means of fission-fusion mechanism which further decides 

the fate of the mitochondria and cell. According to Gao QY et al, 93 cells showing adap-

tion by fission, show increased glycolysis and are more prone to further ROS mediated 

cellular apoptosis. We observed the same findings with cell treated using arecoline and 

arecoline with  TGFβ blocker. TGFβ in this regards modulated the mitochondria to fusion 

and thereby probable increase in mitophagy and survival of cells. We could not find any 

studies indicating the changes in mitochondrial morphology in response to arecoline.  
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To check for glycolytic switch in arecoline treated cells showing fission, we eval-

uated the levels of the key enzyme involved in regulating glycolysis i.e., HK-II. We con-

ducted  qRT-PCR for cells treated for 24 hours and studied the levels of HK-II in the 

study groups. We found significant up regulation of HK-II levels in arecoline and arecol-

ine with SB431542 group at 24 hours indicating that cells treated with arecoline undergo 

glycolysis and meet their energy needs by glycolytic metabolism [Graph 5, Table 18(a, 

b)]. Bernard K et al, 24 have put forth that protein synthesis and myofibroblast-associated 

matrix contraction both require energy by OXPHOS or glycolysis. However, they found a 

time-dependent (12hours to 48 hours) expression and up regulation of HK-II after TGFβ 

treatment of lung fibroblasts. Many researchers have found similar results wherein differ-

entiating myofibroblasts demonstrated glycolytic reprogramming in various models of 

organ fibrosis. Xie N et al, 89  Chen ZT et al, 91 Wei Q et al, 132 and Ding H et al 133 have 

studied that suppressing or reducing TGFβ induced glycolysis can attenuate the differen-

tiation of fibroblasts in fibrosis of heart, lung and kidneys. This glycolytic switch was 

also noted in cancer cells treated with arecoline. 134 

It is also proven that myofibroblasts undergo mitochondrial changes to adapt 

against ROS mediated injury by undergoing either biogenesis, mitophagy or cell apopto-

sis. 24, 25, 134 This probed us to evaluate the whether the arecoline treated cells undergo mi-

tophagy for adaptation or undergo cell death. To evaluate possible mitophagy we used 

qRT PCR for PINK1, which is a well known marker for mitophagy and is being studied 

extensively in organ fibrosis and neurodegenerative diseases.30, 137, 138 We evaluated the 

levels of PINK1 expression in the treatment groups in differentiated fibroblasts at 48 
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hours and found that the combination of arecoline with TGFβ showed up-regulation of 

PINK1 thereby indicating protection against action of ROS or oxidative stress. While, the 

arecoline group showed a significant reduction in PINK1 expression indicative that the 

cells would undergo apoptosis instead of survival [Graph 6, Table 19 (a, b)]. Bueno M et 

al137 and Araya J et al139 found that aggregated mitochondrial damage as well as elevated 

ROS were associated with reduced expression of PINK1 in alveolar epithelial cells (type 

II) in Idiopathic pulmonary fibrosis of lungs. They put forth that this correlated to in-

creased cell apoptosis and senescence. However, arecoline with SB431542 showed re-

sults similar to control, which could be indicative of a possible effect of SB431542. The 

other treatment groups including TGFβ and SB431542 behaved similar to healthy con-

trols. 

As mentioned previously, biogenesis for maintaining of mitochondrial functions is 

essential and is modulated by TFAM. TFAM primarily maintains mtDNA, helps in mi-

gration, creates antioxidant environment and protects the cells. The protective function is 

largely explored in cardiac remodeling.140 Research has shown that up regulation of 

TFAM is crucial for proliferation of vascular smooth muscles.141 To determine cellular 

adaptation by biogenesis, we studied the levels of TFAM in treated cells by means of qRT 

PCR and Immunofluorescence assay. We found that the treatment groups showed signifi-

cant differences but when compared to control cells they had marginal statistical differ-

ence in the TFAM levels. Arecoline treated cells (arecoline and arecoline with SB431542) 

showed significantly lower levels as compared to the TGFβ and arecoline with TGFβ 

groups (Table 20(a), Graph 7). This demonstrates a definite difference in transcriptional 
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activity of mitochondria of these treated cells (Table 20(b), Graph 7). The results of 

arecoline treatment groups (arecoline and arecoline with SB431542) are in accordance 

with studies wherein, differentiation of fibroblasts to cancer-associated active fibroblasts 

was associated with a decrease in TFAM expression and reduced OXPHOS.142 In a re-

search on endometrial carcinomas, TFAM knockout showed increased cell apoptosis.143 

Overall TFAM helps combat cellular apoptosis and tissue degeneration.142,143,144 

The IFA results (Figure 14) appeared similar to those obtained through qRT PCR, 

wherein strong fluorescence was noted in the TGFβ and arecoline with TGFβ group 

(>75% cells). Bernard K et al 24 also who demonstrated increased TFAM activity in 

TGFβ treated lung fibroblasts. Minimum fluorescence observed in the other study groups 

wherein only 20 to 30% cells showed TFAM positivity indicating minimal transcriptional 

activity of the myofibroblast mitochondria.  

We additionally performed IHC for TFAM using normal mucosa and OSMF tis-

sues. The section used was cut for TFAM staining was obtained by serial sectioning of 

tissue used for cytoskeletal markers IHC. This helped in confirmation that scoring was 

done for αSMA positive myofibroblasts and not other stromal cells. We found significant 

difference in the cytoplasmic TFAM staining of myofibroblasts in the normal mucosa and 

OSMF tissues (Tables 21 (a-e)). Normal mucosa and 45% of early OSMF showed lack of 

TFAM expression while remaining 55% cases of early OSMF showed focal and juxtaep-

ithelial localization of positive myofibroblasts. Intermediate and advanced OSMF cases 

predominantly showed juxta-epithelial and diffuse localization of TFAM positive myofi-

broblasts (Figure 15, Tables 21(a)).  Percentage-wise, normal mucosa and early OSMF 
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showed less than 25% TFAM positive cells, while intermediate and advanced showed 

greater than 25% positively stained myofibroblasts (table 21(b)). The frequency and in-

tensity of TFAM staining increased with advances in grade of OSMF. Pairwise compari-

son of study groups demonstrated significant results, except for normal mucosa and early 

OSMF which showed no difference in TFAM expression (Table 21 (c,d,e)). Our results 

indicate that as grade increased the myofibroblasts show marked transcription of mito-

chondria in myofibroblasts. Overall the TFAM expression results are similar to other 

studies which indicate that increased ROS causes mtDNA mutations and reduced TFAM 

expression with increased cell apoptosis. 24, 145 Adihetty PJ et al 146 have shown that in-

creased mitochondrial regeneration is accompanied with increased TFAM and Peroxi-

some proliferator-activated receptor ɣ co-activator- 1α (PCG-1α) expression.  

Interestingly, we also found that TFAM expression increased in muscle from 

normal mucosa to advancing grades of OSMF. Degenerating muscles in advanced OSMF 

showed lack of TFAM immunoexpression. This is in accordance with the research that 

muscles undergoing atrophy lack TFAM expression and that skeletal muscles with exer-

cise show increased TFAM activity to combat against atrophy. 144 

It is known that imbalance between anabolic and catabolic process of mitochon-

dria biogenesis and mitophagy can cause altered recovery and ultimate cell death. 93, 147 

For validation of the mitochondrial changes in relation to cell apoptosis and survival, we 

performed the Alamar Blue over the key time points of 12, 48 and 72 hours [Graph 8, Ta-

bles 22(a-h)]. At 12 hours and 48 hours, arecoline with SB431542 showed maximum cell 

death as compared to all the other groups however at 72 hours it shows no major differ-
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ence when compared to the untreated control. Significant cell death was noted in the 

arecoline and arecoline with SB431542 groups as compared to arecoline with TGFβ 

group and the TGFβ group at 72 hours. Researchers have also demonstrated that arecol-

ine treatment can bring about cell death. 114, 115 Our results are also broadly comparable 

with research by Bras M et al, 148 Catanzaro MP et al, 149  and Zhou H et al 150,151 who ob-

served that cells which exhibit excessive mitochondrial fission (as observed in arecoline 

and arecoline with SB431542 in mitochondrial morphology experiment) show apoptosis 

of the cells. We also found that arecoline with TGFβ group and the TGFβ group showed 

marked cell survival as compared to control and the other groups. This finding indicated 

that TGFβ rescues the arecoline treated cells from undergoing cell death and promotes 

myofibroblast survival and function. 

 Furthermore, like tumor cells that adapt to glycolysis, arecoline treated cells 

show glycolytic switch, however alone arecoline treated cells undergo cell death and need 

TGFβ for their survival. With the understanding of our present work, we can be theoreti-

cally hypothesize that it could be the chronicity and overrunning of this arecoline -TGFβ 

combined effect on myofibroblasts which directs them towards a possible malignant 

change. However this will need further research and validation for acceptance in regards 

to OSMF being a potentially malignant disorder.  

We could possibly extrapolate the findings of the present work to the initial acute 

and chronic response of tissues to arecoline consumption and TGFβ as shown by the pro-

posed model [Figure 16]. Our study, is the first study that explores the molecular and cel-

lular changes in oral sub mucous fibrosis in terms of persistence and amassing of myofi-
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broblasts, their (structural and functional) biotypes and mitochondrial as well as meta-

bolic reprogramming of myofibroblasts.  

113



6. SUMMARY 

In our study, we treated HGF cells with the arecoline and TGFβ  using different groups 

and optimal concentrations of treatment reagents. On evaluation of myofibroblast pheno-

type and mitochondrial changes, we found that distinct mechanisms are orchestrated at 

different time points from early mitochondrial membrane changes, mitochondrial mor-

phology changes like fission and fusion to energetic reprogramming and transcription 

between 24hours to 48 hours.  The persistent effect of treatment with arecoline and TGFβ 

were further demonstrated by studying the cell survival at 72 hours. We found that the 

transdifferentiation of myofibroblasts and phenotypic changes were induced by arecoline 

and TGFβ treatments at 48 hours. The control and SB431542 groups did not show differ-

entiation (V+ phenotype), neither marked mitochondrial changes. 

Cytoskeletal phenotypes of treated cells (arecoline and TGFβ) ranged VA+ to VAD+ my-

ofibroblasts. Arecoline with blocking of TGFβ receptor and arecoline treated cells 

demonstrated a VA+ phenotype (50 to 75% cells). While a subpopulation of TGFβ and 

arecoline with TGFβ treated cells (less than or equal to 25% cells) showed VAD+ expres-

sion. No myosin expression was noted in any study groups. The results were validated 

using of OSMF tissues. In OSMF tissues, a very small subset demonstrated presence of 

desmin and myosin, possibly indicating epithelial mesenchymal interactions.  

The differences in metabolism and cellular function based on the stimuli were also ob-

served in the treatment group. To describe briefly arecoline by itself leads to early in-

creased mitochondrial membrane depolarization and altered mitochondrial morphology 

indicative of fission in myofibroblasts. Further, arecoline treated cells show glycolytic 
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reprogramming at 24 hours i.e, prior to myofibroblast differentiation. Indicating that 

these cells need glycolysis for differentiation and adaptation against mitochondrial dam-

age. Post differentiation, these cells undergo mitophagy as observed by down-regulation 

of PINK1 at 48hours and eventual cell death at 72 hours. 

TGFβ and combination of arecoline with TGFβ showed mitochondrial membrane po-

tential similar to untreated control and expressed increased mtDNA transcription (upregu-

lated TFAM) with an elongated, branched mitochondrial morphology of mitochondria 

indicative of fusion. We also found myofibroblasts in TGFβ group demonstrated long fil-

amentous form of Vimentin that is postulated to be possibly involved in of cell structure 

stabilization and protection against apoptosis. TGFβ in the combination group with areco-

line, is shown to rescue the arecoline-induced mitochondrial damage in myofibroblasts 

and promoting survival of these cells that lead to tissue fibroses.  

Thus TGFβ-rich environment can protect the differentiated myofibroblasts from under-

going cell death, thereby assisting in the accumulation of myofibroblasts that can sustain 

themselves and bring about continuous collagen secretion. Although cytoskeletal pheno-

types in the treated cells did not vary much in arecoline and TGFβ groups but the func-

tional differences indicate that there are subsets of differentiated cells. Based on the 

present findings of our research work we propose a model of acute and chronic response 

of myofibroblast differentiation in OSMF [Figure 16].  
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Figure 16: Proposed model of acute and chronic response to arecoline and TGFβ in 

OSMF fibrosis based on findings of research work. 
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7. CONCLUSION 

OSMF as well as organ fibrosis cause generalized debilitation and affect the quality of 

life of the individual. Both of which, have limited treatment methods and demand strin-

gent protocols for management of the condition. However, understanding of the patho-

genesis and development of targeted therapy for the same appears to be the most reliable 

approach for management of fibrosis. Our study enables understanding of the possible 

response of cells to arecoline consumption in relation to early response and persistent or 

chronic response. It highlights that the role of TGF𝛽 in OSMF is significant and shows 

“rescue” of cells from cytotoxicity caused by arecoline treatment thereby advances fibro-

sis. TGF𝛽 favors differentiation of fibroblasts to a pro-survival phenotype that functions 

primarily by activation of mitochondrial bioenergetics of the cells. The study largely elu-

cidates the role of mitochondria and cell survival in the pathogenesis of OSMF. The re-

search highlights the potential for development of targeted therapy for mitochondria and 

functional fibroblast biotype for management of the irreversible condition of OSMF. 

Limitations:  

Although our work extensively elaborates cell survival and model of OSMF tissue re-

sponse, the limitation of lack of study of collagen production and contraction function of 

the differentiated myofibroblasts exists. Collagen contraction assay could possibly aid 

confirmation of the functional role of the differentiated myofibroblasts that undergo cell 

survival. The results of the present study can further be supported if cellular dynamics in 
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terms of ultrastructural findings could be elicited. Performing seahorse respirometry for 

the treatment groups can aid in validation of the findings of the present research. Per-

forming immunohistochemical analysis with larger sample size of human tissues would 

guide for clinical application of the study results and for development of targeted therapy 

against cytoskeletal phenotype or mitochondria. 

Recommendation:  

1) The role of electron transport chain (collagen contraction assay) and cellular respira-

tion (seahorse respirometry experiment) can be evaluated for exploring and validating the 

metabolic reprogramming of myofibroblasts.  

2) Further validation of mitochondrial biogenesis and mitophagy by performing loss of 

function experiments for TFAM & overpression studies for PINK1. 

3) Co-culture of epithelial cells and fibroblasts to study epithelial cell dynamics and in-

teractions with fibroblasts in response to Arecoline and TGF 𝛽 therapy.  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