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Abstract

Studies focusing on epidemiology, histopathology and molecular biology/pathology on various aspects of oral
submucous fibrosis (OSF), especially in the last decade have helped to understand the pathogenesis to a larger
extent. In addition research in some aspects of carcinogenesis in the background of fibrosis has also advanced
significantly in the recent past allowing us to understand the mechanisms involved in malignant transformation of
the most prevalent oral potentially malignant disorder in South Asia. It has been shown that pathogenesis of OSF is
directly related to arecoline present in arecanut and most of the alterations in various pathways and molecules leading
to accumulation of collagen are mediated as a result of arecoline. Reduction of Matrix metalloproteinases (MMPs)
and increased secretion of Tissue inhibitors of matrix metalloproteinases (TIMPs) play the most significant role in
collagen accumulation whilst fibrogenic cytokines, mainly TGF-B over expression leads to increased production
of collagen. There are various other pathways/molecules contributing to the pathogenesis in varying capacities.
Malignant transformation in OSF has also been studied by various groups in the recent past. Role of arecanut
as a carcinogen is proven beyond doubt with a large number of animal studies demonstrating its carcinogenicity,
mutagenicity and genotoxicity. Studies involved in many molecules implicated in cell cycle regulation, hypoxia,
processes leading to DNA double strand breaks, senescence and many other pathways related to carcinogenesis
have shown ample evidence for the arecanut induced malignant transformation in OSF. Some of the findings in these
studies may be helpful in inventing new treatment strategies for a common disease without an effective treatment up
to date. Further, the understanding of mechanisms of malignant transformation may lead to early diagnosis of oral

squamous cell carcinoma (OSCC) arising in the background of OSF.
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Introduction

Oral submucous fibrosis, first described in the earlyl1950s, is a
potentially malignant disease predominantly seen in people of Asian
descent. It is a chronic progressive disorder and its clinical features
depend on the stage of the disease. The majority of patients present
with an intolerance to spicy food, rigidity of lip, tongue and palate
leading to varying degrees of limitation of opening of the mouth and
tongue movement. The histopathological hallmark of the disease is
fibrosis that affects most parts of the oral cavity, pharynx and upper
third of the oesophagus. The disease is seen in countries where the
habit of betel chewing is frequently practiced. The main aetiological
agent causing the disease is confirmed as arecoline in arecanut. The
prevalence of the disease is on the rise in South Asia in the recent
years. The reason for the rapid increase of the disease is reported to be
due to an upsurge in the popularity of commercially prepared areca
nut preparations in South Asia. Although the disease was described
in 1950s, its pathogenesis and more importantly the mechanisms of
malignant transformation have not been clear up to date. We produced
a review paper on the pathogenesis of OSF in 2006 with the available
research up to that time [1] However, a significant number of research
carried out by our group and various other researchers since 2006
have helped to understand the pathogenesis and possible mechanisms
of malignant transformation of the disease to some extent. Therefore,
the aim of this review is to analyze critically the recent developments
that may lead to our understanding of the pathogenesis (Figure 1) and
malignant transformation of OSF (Figure 2). A special reference is also
made to emphasize the fact that arecanut contains definite carcinogens,
promoting oral carcinogenesis.

Role of Arecoline as the Main Aetiological Factor

The areca nut alkaloid arecoline is now identified as the principal

causative factor for OSF. Effects of arecoline in the pathogenesis of OSF
include fibroblastic proliferation and increased collagen formation.
Many studies had been performed so far in order to find out the exact
mechanism of arecoline in collagen metabolism.

Connective Tissue Growth Factor (CTGF) is associated with the
onset and progression of fibrosis in many human tissues. In an attempt
to analyze the expression of CTGF in OSF, it was found that CTGF
was present in fibroblasts and endothelial cells in all the OSF cases
included in the study. It was further shown that arecoline stimulated
CTGF synthesis in a dose- and time-dependent manner in buccal
mucosal fibroblasts through reactive oxygen species (ROS), NF-kappa
B, JNK and p38 MAPK pathway. In the mean time many studies have
shown that NF-kappa B, JNK and p38 are strongly activated by ROS
and thereby it is suggested that ROS elicited by arecoline may play
important roles in NF-kappa B, JNK, P38 activations and subsequent
CTGF expression. In conclusion the authors have hypothesized that
overexpression of CTGF in arecanut chewing may enhance the fibrotic
activity in OSF and thereby play a role in the pathogenesis of OSF.
Unlike TGF B, CTGF is only produced by hepatic stellate and kidney
mesangial cells in adults under normal conditions, therefore it may be
used as a novel target for developing anti-fibrotic therapy in treating
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Figure 1: (Mechanisms of pathogenesis of oral submucous fibrosis) Possible molecules and pathways involved in the pathogenesis of Oral submucous fibrosis.
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Figure 2: Possible events in malignant transformation of Oral submucous fibrosis.
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OSF. Inhibition of CTGF will block the profibrotic effects of TGE-p,
without affecting its anti-proliferative and immunosuppressive effects

(2].

Another study reports that arecoline influences deposition of extra
cellular matrix (ECM) by increasing the production of TIMP-1. The
effect is enhanced when fibroblasts are co cultured with keratinocytes,
suggesting that interaction of oral keratinocytes and fibroblasts play
an important role in the pathogenesis of OSF [3]. In addition, the
interaction of arecoline and keratinocytes is reported to induce the
differentiation of myofibroblasts from fibroblasts [4]. A different
study suggests that areca alkaloids induce buccal mucosal fibroblast
contraction and this process was related to phospholipase C, inositol
triphosphate 3, Ca*, calmodulin and Rho signaling pathway as well
as actin filament polymerization. The persistent fibroblast contraction
may induce fibrotic process in OSF. However, fibroblast contraction
may not be purely dependent on ROS production [5]. The fact that
arecoline influences ECM was further supported by the evidence for
TGM-2 over expression in OSF and its regulation by arecoline. TGM-
2 stabilizes ECM protein by cross linking and has been implicated in
several fibrotic disorders [6].

The impact of arecoline on endothelial cells has also been studied
in detail. It is reported that at concentrations of 0.4 and 0.8 mM,
arecoline induces cytotoxicity and also G2/M cell cycle arrest and
increases sub-G /G, population, a hall mark of apoptosis. Further it is
observed that prolonged exposure to arecoline (0.1mM) significantly
suppresses endothelial cell proliferation. Also the exposure to>0.2 mM
arecoline decreases the proportion of endothelial cells residing in S
phase but increases the cells arresting in G2/M phase. These findings
suggest that the anti-proliferative and cytotoxic effects of arecoline are
possibly associated with the alteration of specific cell cycle regulatory
proteins such as ATM, checkpoint kinases, p53, and cdc25C for G2/M
checkpoint. Considering these findings the authors have suggested that
the endothelial damage leading to impairment of vascular function
contributes to the pathogenesis of OSF [7]. These findings explain
the less vascularity that is observed in histological sections of OSF,
especially with the progression of the disease. Further, that may explain
the atrophy of the epithelium and hypoxic environment which may
predispose them to carcinogenesis.

Matrix Metalloproteinases and Tissue Inhibitors of
Matrix Metalloproteinases (MMPs and TIMPs)

OSF is histopathologically characterized by fibrosis of subepithelial
connective tissue. Collagens are the major structural component of
ECM, hence precise regulation of collagen metabolism is essential to
maintain the normal integrity of connective tissue. OSF is not only due
to excessive deposition but also due to decreased collagen degradation.

In OSF the equilibrium between MMPs and TIMP is disturbed
in such a manner that it ultimately results in increased deposition
of ECM. This concept is confirmed by several recent studies. One of
our studies, with the use of immunohistochemistry identified MMP-1
expression to be attenuated in OSF compared to normal oral mucosa.
Since MMP-1 is the main human enzyme that degrades fibrillar
collagen, this suggests that collagen degradation caused by MMP-1 is
down regulated in OSF [8]. We also showed that there is no statistically
significant difference in the fraction of TIMP-1 positive cells between
OSF and normal oral mucosa, yet TIMP-1 shows stronger intensity
in fibroblasts of OSF than in normal oral mucosa. Hence, collectively
this study proved improper regulation of proteolytic equilibrium is
one of the main factors responsible for the excessive fibrosis in OSF

[8]. The fibroblasts in OSF have a reduced replicative life span as they
accumulate senescent cells during the progression of the disease. This
is due to the increased amount of ROS and DNA double strand breaks
(DDBs) produced intrinsically by damaged mitochondria. TIMP-
1 and 2 is increased in fibroblast cultures of OSF relative to normal
and non diseased paan user controls. Following the introduction of
unrepairable DDBs into normal oral fibroblasts TIMP-1 and TIMP-
2 secretion increased within 5 days, replicating early senescence and
the elevation seen in OSF cultures. Thereby, it highlights the use of
increased fibroblast TIMP-1 and 2 levels as effective markers of early
OSF. Further studies regarding this finding have a clinical value as
OSF may be reversed to normal at its early stage [9]. Another group
has found that TIMP-1 production is enhanced when fibroblasts are
co cultured with keratinocytes pretreated by arecoline. The authors
have further suggested that interaction of oral keratinocytes and
fibroblasts play an important role in pathogenesis of OSF [3]. It has
been shown that endogenous collagenase activity in OSF tissues were
3-5 folds less than that in normal oral mucosa, which in turn might
be one mechanism responsible for collagen accumulation [10]. A
recent immunohistochemical study has reported a decrease in MMP-1
expression intensity in the epithelium and connective tissue of buccal
mucosal tissue of OSF compared to normal. However no statistically
significant difference was identified between the expression of MMP-1,
among different histological grades of OSF [11].

All above studies provide evidence in support of the imbalance
between MMPs and TIMPs via different mechanisms leading to
accumulation of collagen which is the hallmark of the disease. Further,
the interaction between keratinocytes and fibroblasts is important not
only in pathogenesis but also in malignant transformation as we have
shown that OSF is an epithelial driven connective tissue disease, with
some of our studies discussed below. ROS related DNA DDBs appeared
to play a role in both pathogenesis and malignant transformation.

Establishment of the balance between MMPs and TIMPs should
be the target to achieve in the management of OSF. Although, various
studies have tried to target MMP inhibitors for cancer treatment
[12,13], in the context of OSF, we could not find studies trying to
target molecules such as MMP and TIMP to either increase collagen
breakdown by increasing MMP levels or try to increase the level of
MMPs by blocking TIMPs. Further, to date no promising TIMP
inhibitor is identified and further research should be carried out in this
regard.

Copper and Related Structural Changes of Collagen

Arecanut is high in Copper, and its role in pathogenesis of
OSF has been subjected to a wide array of studies [14]. The enzyme
lysyl oxidase is a copper activated enzyme critical for collagen cross
linking and organization of ECM [15]. Salivary Copper is found to
increase markedly, following chewing arecanut. This finding indicates
that soluble Copper found in arecanut is released into the oral
environment and its buccal absorption may contribute to fibrosis of
buccal mucosa. This suggests the local effect of Copper in OSF patients
[16]. Furthermore the use of saliva as an effective tool in screening
of both OSF and OSCC has been highlighted. There is an increase in
salivary Copper levels from mild OSF to severe cases which are graded
histopathologically [17]. Another group has demonstrated increased
serum Copper levels in OSF suggesting a systemic effect. It has further
reported an increase in serum Copper level as the clinical stage of OSF
increases [18,19] Taking all the studies on copper in to account, the
effects appear to be local in the context of OSF as there is no evidence
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to suggest that these patients showing any clinical or experimental
evidence of systemic fibrosis.

Accumulation of Collagen and Other Changes in
Extracellular Matrix

There had been several attempts to identify the dynamics of
ECM remodeling with the progression of the disease. One of our
investigations revealed that in the early stage of OSF tenascin, perlecan,
fibronectin and collagen type III were enhanced in the lamina propria
and submucosal layer. In the intermediate stage elastin was extensively
and irregularly deposited around muscle fibres, together with the above
mentioned molecules. In the advanced stage all those ECM molecules
decreased and were entirely replaced by collagen type I only. Their
gene expression levels were varied with the progression of fibrosis.
Therefore, it is clear that ECM remodeling steps in OSF are similar
to each phase of usual granulation tissue formation and maturation.
In addition, clinical presentation of trismus may be related to loss of
variety of ECM molecules including elastin and replacement of muscle
fibres by homogenous collagen type I [20].

Since OSF is considered as a disease of altered collagen metabolism,
collagen and associated factors had been studied in detail during
the recent years. Heat shock protein (HSP 47) is a collagen specific
molecular chaperone involved in the processing and/or secretion of
procollagen. HSP 47 is significantly upregulated in OSF. It is a known
collagen specific molecular chaperone involved in the processing and/
or secretion of procollagen hence its role in OSF has been subjected to
experiments by treating fibroblast with arecoline Arecoline was found
to elevate HSP 47 m-RNA expression in fibroblasts, in a dose dependent
manner through MEK, PI3K and COX-2 signal transduction pathways
[21]. Cystatin C, a non glycosylated basic protein is increased in a
variety of fibrotic diseases. In a similar manner as HSP 47, Cystatin
C was found to be upregulated both at m-RNA and protein levels
in the disease. Arecoline is responsible for this enhancement in a
dose dependent manner [22]. Malondialdehyde (MDA) is a lipid
peroxidation end product with the potential to stimulate fibroblasts
and to increase collagen production by 2-3 times. A recent study has
reported a significant elevation in serum MDA levels as the grading of
OSF progressed. Tissue MDA levels were increased in grade 1 and 2
OSF when compared to controls. Yet tissue levels of MDA were found
to be reduced in grade 3 OSF when compared to controls, suggesting
the utilization of MDA in crosslinking of collagen at the advance stage
of the disease [23].

Growth Factors and Inflammatory Cytokines

Considerable advances have been made in the understanding
of growth factors and inflammatory cytokines associated with OSF.
In an attempt to understand the changes in cytokine levels, gene
expression profiling was performed in OSF tissues. The results
revealed upregulation of an array of cytokines namely, TGF B 1, TGF
B 1p, THBSI, SPP1, TIG1, TGM2 and CTGF and down regulation of
BMP7 which is a known negative modulator of fibrosis [24]. TGF B is
considered to be a potent stimulator of production and deposition of
ECM [25]. It is the main trigger for the increased collagen production
and decreased matrix degradation pathways in OSF [26]. It has been
shown that the expression of TGF-{ 1 was significantly upregulated in
the connective tissue portion of the disease compared to normal [8].
The role of activation of TGF { signaling as the main causative event for
increased collagen production in OSF was further illustrated by a study
of global gene expression profile in oral epithelial cells. Treatment
of cells with arecanut water extract consisting of polyphenols and

alkaloids, has shown that 64% of the differentially regulated genes
by arecanut water extract matches with the TGF { induced gene
expression profile [27]. This suggests that arecoline induces TGF B in
epithelial cells and furthermore this is observed only in epithelial cells
but not in human gingival fibroblast cells, indicating that epithelial cells
could be the source of TGF  in OSF. We have confirmed the above
finding with one of our studies, that OSF is a epithelial driven disease
as the early signals are given to epithelial cells to secrete TGF p through
avp 6 integrin and the expression of TGF [ disappears when the drug
tropicamide blocks avP6 integrin [28]. Phosphorylation of SMAD-2
was observed following treatment of epithelial cells by catechin, tannin
and alkaloids, hence the authors state that arecanut mediated activation
of p-SMAD-2 involves upregulation and activation of TGF B [27].
CTGF/CCN2 and COX-2 were found to be over expressed in OSF. The
CCN2 synthesis in buccal mucosal fibroblasts is stimulated by TGF {8 1
and this reaction is mediated via ALK5, JNK and p38 MAPK pathways.
Epigallocatechin-3-gallate (EGCG) in turn can completely block TGF
B 1 induced CCN2 synthesis by suppressing JNK and p38 in buccal
mucosal fibroblasts, which may be useful in controlling OSF [26]. Also
the TGF B1 induced CCN2 synthesis in buccal mucosal fibroblasts is
not inhibited by PGE2, as in fetal lung fibroblasts. Hence the CTGF/
CCN2 levels are maintained in the OSF tissue in the presence of COX-
2 [26]. In an attempt to correlate TGF f with loss of adipose tissue in
OSF, it was found that TGF f plays a key role in causing lipodystrophy.
In addition it reports that TGF P secretion is more during the early
course of the disease than in the advanced stage [29]. b-FGF is another
cytokine found to be increased in the progression of the disease. It is
increased in fibroblasts and in endothelial cells in early disease, and in
advanced fibrosis b-FGF expression was noted more in stroma. Authors
have related the increase expression in early stages to an initial injury
phase due to areca consumption [30]. Another group of researchers
has reported that IGF-1 expression is significantly upregulated in OSF
both at m-RNA and protein levels. Arecoline had been responsible for
this elevation in a dose dependant manner. It is found to be expressed
mainly by fibroblast, endothelial cells and inflammatory cells [31].
Among the many cytokines implied in the pathogenesis by influencing
the synthesis of collagen, Tumor Necrosis Factor-a (TNF-a) is of
critical importance. TNF-a mediates multiple functions, out of which
the regulation of inflammatory reaction as well as transcription of
collagen and collagenase are the most important in the pathogenesis
of OSF. Recently it was reported that the homozygous wild genotype
TNF-a2 was significantly associated with an increased risk of OSF and
the mutant allele TNF-a2 is about 7 times more efficient in promoter
function than the wild allele. Considering these facts it was suggested a
role of TNF-a in OSF pathogenesis through its modulation of collagen
metabolism [32]. With the available literature on growth factors and
cytokines, TGF P appears to be the main mediator of the disease and
others such as TNF-qa, IGF-1, b-FGF and CTGF may contribute to
continuous accumulation of collagen with activation of signaling
pathways such as ALK5, JNK, SMAD and p38 MAPK. These molecules
and pathways can be the target areas for new treatment strategies.

avf 6 Integrin and Pathogenesis

avp 6 integrin was found to be markedly upregulated in OSF.
In vitro studies have demonstrated that avp 6 activates TGF-f 1,
the principal modulator of tissue fibrosis. TGF-p 1 in turn induces
transdifferentiation of oral fibroblasts into myofibroblasts, and up-
regulates the genes associated with tissue fibrosis. Myofibroblasts
facilitate the matrix accumulation both by increasing the deposition
of matrix proteins mainly in the form of collagen I and by decreasing
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the degradation of matrix proteins by up-regulating the matrix
metalloproteinase inhibitor TIMP-1. The above in vitro findings were
confirmed using human clinical samples by one of our studies. It
was demonstrated that the fibrosing lamina propria contained SMA-
positive myofibroblasts and TGF-p 1 dependent SMAD signaling was
detectable in those myofibroblasts confirming the activation of TGF-$
1. Nuclear positivity for phosphorylated SMAD 2 was found in lesional
keratinocytes as well, suggesting the role of TGF-p 1 in inhibiting the
epithelial growth and thereby causing pronounced epithelial atrophy
in OSF. Analyzing the findings of the entire study we concluded
that the pathogenesis of OSF may be epithelial-driven and involve
arecoline-dependent up-regulation of avp 6 integrin [28]. avp 6
integrin is discussed in more detail later in the review under malignant
transformation.

Epithelial-Mesenchymal Transition (EMT)

Epithelial-Mesenchymal Transition (EMT) has been a clearly
recognized process for decades in developmental biology and it has
gained much attention recently due to its important implication in
cancer and fibrosis. In a study designed to analyze the role of EMT
in the pathogenesis of OSF three major events involved in EMT of
OSF were identified. Cell injury caused by Areca Nut Extract (ANE)
produces ROS which in turn triggers both MAPK and NF-kB pathways
involved in EMT of OSF. Thereby it has been demonstrated that
exposure to ANE causes alterations of normal keratinocyte morphology
and it is also able to induce the cell cycle arrest at G1/S phase and the
senescence-associated phenotypes. Furthermore keratinocytes secrete
a variety of inflammatory mediators such as PGE2, IL-6, TNF-a and
most importantly TGF-p, in response to injury [33]. Hif-1 a enhances
the EMT in vitro and promotes fibrogenesis by increasing expression
of extracellular matrix-modifying factors and lysyl oxidase genes [34].
A study which was carried out using alveolar epithelial cells has shown
that both ROS and HIF-a were necessary for hypoxia-induced TGF-f 1
upregulation [35]. It is reasonable to hypothesize a possible relationship
between Hif-1 a, ROS and EMT in OSF as we have convincingly shown
that upregulation of Hif-1 a in the disease and production of ROS by
arecoline treatment [36].

All these events collectively contribute to EMT in OSF and lead to
fibrosis. Potentially, the transformed cell may proliferate to expand the
fibroblast population, undergo apoptosis, or revert back to epithelial
type. The fact that the cell is able to dedifferentiate back to epithelial
form directs future research into a novel path as it hints towards a
possibility of reversing the disease process [31].

Genetic Polymorphism Predisposing to OSF

A wide spectrum of chromosomal, genetic and molecular alterations
is associated with both pathogenesis and malignant transformation
of OSF, yet majority remains unclear [32]. In an attempt to identify
the genes responsible for pathogenesis and malignant transformation
of OSF using oligonucleotide microarray, 716 genes were found
to be upregulated and 149 genes were downregulated in OSF. Gene
expression profiles of normal and OSF were clearly different. It is
identified that genes are involved in immune response, inflammatory
response and EMT induced by TGF { signaling pathway namely SFRP4.
THBS1, MMP2, ZO-1, and CK18 were differentially expressed in the
disease suggesting its importance in pathogenesis and also malignant
transformation [33]. In another study, differentially expressed genes in
OSF had been analyzed using bio informatic tools. A majority of the
differentially expressed genes were located on chromosome 1,2,5,6,7,11
and 12. Gene Ontology (GO) classification of these genes identified

cellular component sub groups associated with extra cellular matrix,
cytoskeleton and cell membrane and also biological process subgroups
associated with protein binding, signal transducer activity, immune
and defense responses [34]. Buccal mucosal cells in patients with the
disease exhibited cytological alterations especially micronuclei and
other nuclear anomalies as binucleation, karyorrhexis and karyolysis,
reflecting the genotoxic and cytotoxic properties associated with
betel quid chewing [35]. Similar findings were reported in a study
based on human lymphocytes further emphasizing the results of the
earlier study [36]. Polymorphisms of various genes have contributed
to the pathogenesis in different aspects. Cytochrome P450 gene family
plays a major role in oxidative metabolism of active endogenous and
xenobiotic substrates. Genetic predisposition in pharmacokinetics for
toxic substances of betel quid plays a major role in development of
the disease. Meanwhile polymorphism of Cytochrome P450 3A gene
family is considered as a major determinant of the interindividual
variability in chemical pharmacokinetics. Hence Cytochrome P450
had been identified as a genetic biomarker for susceptibility to OSF and
authors have further suggested that individuals at genetically high risk
for OSF could be screened according to the genetic polymorphisms in
some exclusive regions of the Cytochrome P450 3A genes [37]. Another
study highlighted that polymorphism in Cytochrome P4501A1 and
CYP2E1 may confer an increased risk for OSF [38]. While a different
study brought about the fact that CYP1A1 (ml) genotype and (m2)
genotype singly acts as a protective factor but in the absence of GSTM1
and/or GSTT1 gene significantly alters risk towards the disease
[39]. Genes [CYP2B6, CYP2C18, CYP2F1, CYP3A5, microsomal
glutathione S-transferase 2 (MGST2), alcohol dehydrogenase (ADH),
UDP glucuronosyl transferase 2B15 (UGT2B15), ADH1C) which
were related to the pathway of CYP metabolism were found to be
down regulated in all stages of OSF, thereby reducing the ability of
CYP to metabolize and clear betel nut substances. This may ultimately
contribute to the pathogenesis [40]. Recently, genetic polymorphism
of lysyl oxidase, an enzyme essential for collagen cross linking was
identified and LOX Argl58GIn was encountered more in elderly
OSF patients [13]. Effects of polymorphisms of collagen-related
genes on OSF risk had been studied in detail. A study focused on the
Single Nucleotide Polymorphisms (SNPs) of TGFf-1 gene reported
that polymorphism in 5¢UTR C-T in TGF-B 1 gene has a significant
association with OSF, as it is a main determinant in the pro-angiogenic
pathway which is important in the pathophysiology of the disease [41].
A research group analyzing the association of SNP (-1171 5A->6A) in
the MMP-3 promoter region of OSF, had finally concluded that the
expression of MMP-3 genotype associated with the 5A alleles has an
increased risk for developing the disease [42]. However, another study
has illustrated that the SNPs in the MMP-2 and MMP-9 promoter
region is not associated with susceptibility to OSF [43]. In an attempt to
assess the association between OSF and TNF-a genetic polymorphism
(-308), it was found that the genotype distribution of TNF-a (-308)
genetic polymorphism show similar distribution among areca chewers
and non-areca-chewers implicating that the habit of areca-nut
chewing is not associated with TNF-a (-308) genetic polymorphism
[30]. N-acetyltransferase 2 locus codes for an enzyme that catalyzes
acetylation of aromatic amines. Polymorphisms at this specific site
can cause improper acetylation of the amines, leading to DNA adduct
formation. It is suggested that these polymorphisms can increase the
risk of OSF in men if exposed to arecanut or smokeless tobacco usage
[44]. These studies provide significant evidence to support the theory
of possible genetic predisposition to the disease. However, in order to
confirm these findings, studies using larger samples of patients should
be carried out.
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The impact on cell cycle regulation in OSF had been investigated.
One such study demonstrated that ROS generated by arecoline may
cause cell cycle arrest at the G1/GO phase in human keratinocyte
cells without affecting the expression of p21/Cipl. Oxidative stress
may induce epithelial cell death without eliciting apoptosis at higher
arecoline concentration. Meanwhile sub-lethal concentrations of
arecoline upregulated the expression of several stress responsive
genes namely; heme oxygenase-1, ferritin light chain, glucose-6-
phosphate dehydrogenase, glutamate-cysteine ligase catalytic subunit
and glutathione reductase [45]. However, a similar investigation
reported that 0.01-0.04mM arecoline caused late-S and G2/M phase
cell cycle arrest in human KB epithelial cells. A decrease in cdc2 and
Cyclin B1 protein levels and increasing p21 were identified in gingival
keratinocytes by Western blot analysis. The same study revealed that
inhibition of KB epithelial cell growth in a dose and time dependant
manner and a reduction in cell number with higher arecoline
concentration. Further increase in arecoline concentration has induced
both cell necrosis and apoptosis [46].

Malignant Transformation of Oral Submucous Fibrosis

OSF is a well recognized potentially malignant disorder of the oral
mucosa. Paymaster first described the malignant potential of OSF in
1956, the rate of which has been estimated to be 7-13% recently. Many
follow up studies had been conducted so far in order to identify the
important aspects in malignant transformation of OSF [47]. Recently it
has been proposed that oral cancers arising in OSF constitute a clinic-
pathologically distinct disease, the differences of which believed to
arise from differential mechanisms of arecanut carcinogenesis. One
study recognized that most of these patients are younger males with
better prognostic factors such as better grade of tumour differentiation,
lesser incidence of nodal metastases, and extracapsular spread [48].
Another retrospective study in China has reported contradictory data.
They state that OSCC originated from OSF is clinically more invasive
and also exhibits higher metastasis and recurrence rate than OSCC
not originated from OSF [49]. Our experience in reporting large
numbers of OSF and also OSCC arising from the disease is that clinical
presentation and behavior have a wide spectrum. Minority of cases
during the process of transformation show large exophytic lesions
which are clinically typical OSCC without showing any histological
evidence of invasion.

This raises the question, whether the ECM in at least a subset of
OSF is different and resistant to normal invasive mechanisms. This area
needs further investigation.

Simultaneous occurrence of Oral Leukoplakia (OLE) and OSF is
demonstrated to carry a higher risk for OSCC than those with either
OLE or OSF alone, and they are reported to experience malignant
transformation early [50]. Wide array of studies had been implemented
recently in order to determine the possible mechanisms involved in
malignant transformation and also many have focused their attention
on molecular markers which could be helpful in early diagnosis
and expecting therapeutic implications for carcinogenesis in the
background of OSF (Figure 2).

Arecanut as a Carcinogen

Carcinogenicity of arecanut without tobacco is a well recognized
fact by now [51] and arecoline the major alkaloid of arecanut is reported
to have various cytotoxic and genotoxic properties. A recent study
has proposed arecoline N-oxide, the active metabolite of arecoline,
as the ultimate carcinogen in areca related oral carcinogenesis. This

conclusion was based on the fact that arecoline N-oxide was able to
cause mutagenicity in Salmonella typhimurium tester strains used
[52]. Areca nuts and its constituents exhibit various modes of actions
in inducing malignant transformation of OSF and many studies had
been carried out in order to recognize them precisely. One such study
reports that arecoline being a potent carcinogen, it downregulates p21
and p27 through reactive oxygen species/mTOR complex 1 (ROS/
mTORC1) pathway. The reduced levels of p21 and p27 might facilitate
G1/S transition of the cell cycle and subsequently may lead to error-
prone DNA replication [53]. A different study using Western blot
analysis reported a decrease in cdc2 and Cyclin B1 protein levels and an
increase in p21 in gingival keratinocytes and vice versa in KB cancer cells
following exposure to arecoline. This further emphasized the fact that
regulation of S and/or G2/M cell cycle related proteins play a vital role
in different stages of arecoline mediated carcinogenesis [46]. The ability
of arecoline to induce alterations in various genes had been studied
in detail. The expression of Brcal and Brca2 tumour suppressor genes
is reduced [54] in OSF while human telomerase reverse transcriptase
(hTERT) is overexpressed [55]. Therefore, both events may contribute
to malignant transformation of OSF. A study from our group showed
that arecoline upregulates avp 6 expression in oral keratinocytes which
in turn promotes keratinocyte migration and induce invasion [26].
As a response to arecoline, COX-2 gene is up regulated in fibroblasts,
mainly at the early stage of the disease. COX-2 receptors are present
on neoplastic cells and COX-2 gene expression is more pronounced
in OSCC when compared to premalignant lesions. This may suggest
a role of COX-2 receptors in carcinogenesis [56]. Arecanut has a high
Copper content which activates several angiogenic factors such as
VEGF, TNF a, IL-1 and b- FGE. These molecules stimulate endothelial
cell proliferation and activation. Hence Copper is recognized to play
an important role in tumour angiogenesis. Both serum and salivary
Copper levels are reported to be high in patients with oral cancer.
Furthermore, salivary Copper levels are higher in oral cancer than in
patients with OSF. These findings are suggestive of a possible influence
of Copper in malignant transformation of OSF [15]. Presence of direct
acting alkylating agents in arecanut, at levels that are sufficient to cause
DNA damage has also been reported. Although these direct-acting
methylating and ethylating agents have not been identified yet, this
study directs our attention towards another possible mechanism of
areca nut-mediated oral carcinogenesis [57]. Ithas been shown that ROS
produced during auto oxidation of arecanut polyphenols in betel quid
chewer’s saliva, play an important role in the initiation and promotion
of oral cancer. Arecanut specific nitrosamines produced by nitrosation
of areca alkaloids are found to induce tumors in experimental animals
and furthermore arecaidine and arecanut extracts are demonstrated
to be tumor promoters. However, antioxidants as glutathione and
N-acetyl-L-cystine have the potential to prevent the damage of cellular
macromolecules (DNA, proteins, and membrane lipids) by cytotoxic
agents described above. Yet, repeated and continuous exposure of
oral mucosal cells to an excessive amount of ROS, methylating agents
and reactive metabolic intermediates from betel quid can damage
cellular DNA [58]. However, it has been suggested that arecanut
toxicity is not completely due to its polyphenols, tannin and alkaloid
content, therefore further experiments are necessary to clarify agents
responsible for arecanut carcinogenicity [58].

One of our most recent studies investigated the role of cytokines in
arecanut related carcinogenesis, targeting the malignant transformation
of OSF. For this study, normal human gingival fibroblasts (hNOF) and
immortalized hNOF (hTERT-hNOF) were used. Cytokine antibody
array was employed to screen cytokines secreted from fibroblasts
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exposed by arecanut (AN). We found that the levels of GRO-a, IL-6,
and IL-8 were increased in AN treated fibroblasts and these results
were confirmed by ELISA and immunocytochemistry. Immortalized
human oral keratinocytes (IHOK) were treated with these cytokines
or conditioned media (CM) and assessed for ROS generation,
oxidative DNA damage, DNA DDB and nuclear ploidy change. These
approaches showed that ROS-generating cells were 7 or 8-fold higher in
cytokine-treated IHOK compared to non-treated IHOK. The positive
cells showing DNA DDB and 8-0xoG FITC conjugate increased after
treatment with cytokines or CM and could be reduced by neutralizing
cytokines or anti-oxidant treatment. Furthermore, the nuclear
aneuploid cells were 2-fold increased in cytokine-treated IHOK. OSF
tissues also showed cytokine expression, oxidative DNA damage and
DNA DDB. Taken together, we showed that the fibroblasts exposed to
AN caused DNA damage in IHOK through cytokine release, suggesting
a contributory mechanism to malignant transformation in OSF. This
study provides insights to develop novel preventive modalities by
inhibiting their routes of transformation [59].

Hypoxia

A detail study from our group based on the hypothesis that hypoxia
plays a role in malignant transformation and progression of OSF, has
identified that HIF-1a is upregulated at both protein and mRNA levels.
This has also been shown in cancers from different sites such as breast
and urinary bladder. We found a statistically significant correlation
with the degree of epithelial dysplasia and expression level of the gene
HIF-1a. Along with the fact that HIF-1a is a known transcription factor
induced by hypoxia, we proposed that hypoxia together with HIF-
la play a role in malignant transformation of OSF. The possibilities
of using HIF-la as a marker for malignant transformation have
also been discussed [60]. Another study from our group designed to
evaluate the relationship between thickness of fibrosis and epithelial
dysplasia in OSF provides more evidence to support our hypothesis
of hypoxia and the malignant transformation. After analyzing 107
biopsies with histopathologically confirmed OSF we concluded that the
advancement of fibrosis increases the risk of development of epithelial
dysplasia. Increased fibrosis of the connective tissue causes reduction
of vascularity resulting in hypoxia and subsequent overexpression of
HIF-1 a. This study provides the insight that the reduction of excessive
fibrosis by appropriate treatment might help to reduce the occurrence
of epithelial dysplasia, and ultimately, the development of OSCC [61].

Alterations in Cell Cycle

A recent study has revealed that proliferating activity as denoted by
Proliferating Cell Nuclear Antigen (PCNA) index was higher in OSF
epithelium than normal oral mucosa. Furthermore the PCNA index
of the dysplastic OSF was significantly increased when compared with
the non-dysplastic group. Analyzing all their findings, it was suggested
that the increased PCNA index may correlate with the increased
malignant transformation potential [8]. In a study designed to evaluate
the important molecules in G2/M phase namely Cyclin Bl, p34
(cdc2) and p-survivin, it was revealed that their expression is higher
in OSF than in normal. Further significant difference was present in
expression between OSF and OSCC. Authors have suggested that
above mentioned molecules may play a key role in carcinogenesis by
influencing mitosis [62].

Survivin is a protein expressed in a cell cycle dependent manner,
mainly in G2/M phase and it is involved in inhibition of apoptosis
while promoting cell division. Survivin Thr34 phosphorylation is the
crucial requirement for survivin function. In an attempt to determine

the potential involvement of survivin Thr34 phosphorylation
in carcinogenesis of OSF, results indicate that the survivin
phosphorylation on Thr34 in OSCC originated from OSF group
was significantly higher than that in OSF group and on the same
time absent in normal oral mucosa. These findings are consistent
with the results of the previous study described above. It suggests
that during carcinogenesis, phosphorylation of survivin on Thr34
increase gradually yet there is no relationship between the degree of
surviving Thr34 phosphorylation and the stages of OSF. A gradual
increase in expression of Cyclin Bl, p34cdc2 and p-34cdc2 was
observed in carcinogenesis of OSF suggesting an acceleration of cell
proliferation during the process. Furthermore, p34cdc2-cyclin Bl
kinase was confirmed to phosphorylate survivin on Thr34 in malignant
transformation. It was concluded that phosphorylation of survivin on
Thr34 critically regulates survivin and plays an important role during
the malignant transformation of OSF both by inhibition of apoptosis
and encouraging mitosis in carcinogenesis [63]. Later, there had been
attempts to analyze the relationship between the survivin expression
and clinical characteristics of the disease. It was shown that survivin
expression levels were significantly higher in the OSCC transformed
from OSF compared with OSF and normal. Though survivin expression
exhibited differences in different stages of the disease, no relationship
was found between the degree of survivin expression and the stages
of OSF. Furthermore there was no relationship between survivin
expression and the stage of OSCC transformed from OSF [64]. These
studies confirm the value of survivin as both prognostic and predictive
marker in malignant transformation of OSF. Therefore, we strongly
suggest planning more studies using larger samples to investigate the
role of survivin as a marker for early diagnosis of carcinogenesis in
OSF.

Alterations in Oncosuppressor Genes and Other Genes

It was evident in earlier sections the role of some oncosuppressor
genes in areca related carcinogenesis [46,53]. In the evaluation of PTEN,
a known tumour suppressor gene, a progressive reduction of PTEN
expression was noticed as normal mucosa changes into OSF and then
into OSCC. Hence alteration of PTEN is considered as an important
molecular event in pathogenesis and carcinogenesis [65]. Brcal and
Brca2 are tumour suppressor genes involved in the maintenance of
genomic integrity by facilitating error free DNA repair. A study which
exposed mice to arecanut extract chronically and transgenerationally
reports a decline in Brcal and Brca2 proteins thus causing a genomic
instability. Furthermore mutation in exon 11 of Brcal gene carried
increased risk of cancer [54]. Arecoline increases the expression of
hTERT in both mRNA and protein levels in oral keratinocytes. This
over expression is supposed to have an important role in malignant
transformation of OSF [55]. FHIT (Fragile Histidine Triad) is
expressed in the epithelium of normal oral mucosa and a decrease in
the expression of FHIT was noticed in OSF and more significantly in
carcinoma arising in OSF. In contrast, MDM2 expression was negative
in normal oral mucosal epithelium and an increased expression was
seen in OSF and more significantly in carcinoma arising in OSF. Loss
of FHIT and overexpression of MDM?2 are stated to play an important
role in carcinogenesis of the disease [66]. Over expression of Loricin
and loss of Cytochrome P450 3A5 (CYP 3A5) are involved in the
change of defending ability of epithelium, hence it is suggested that they
may be responsible for carcinogenesis of OSF [67]. Hypermethylation
of E-cadherin and COX-2 is a mutation of epigenetic levels and was
observed in 52% and 30% of the patients’ respectively. Chronic OSF
was significantly associated with hypermethylation which may suggest
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that they are more prone to malignant transformation [68]. In contrast
to the fact that COX-2 receptors play a role in carcinogenesis, COX-2-
765 G>C polymorphism was identified as a protective factor against
OSCC development [69]. However, there was no association between
OSCC arising in OSF patients and TNF a (-308) genetic polymorphism
[30].

Angiogenesis Related Molecules

It is conventionally accepted that atrophic epithelium in OSF is
a result of decreased vascularity in the underlying connective tissue
stroma. The consequent lack of tissue perfusion is believed to trigger
the ischemic atrophy of epithelium and thereby making it vulnerable
to the effects of oral carcinogens. There are many studies with diverse
findings published regarding the degree of vascularity of OSF mucosa.

One such group has designed a study for characterization
and quantification of mucosal vasculature and its possible role in
malignant transformation of atrophic epithelium with the use of
immunohistochemical marker, CD34. They forward scientific data
to prove OSF epithelium as atrophic since histopathologically all
the cases showed reduced epithelial thickness when compared to
controls. They quantified vasculature in the form of MVD (mean
vascular density) and considered it as the index of angiogenesis. The
results showed an increase in MVD in OSF cases compared to normal
but it was statistically insignificant. Nevertheless the study did not
show significantly decreased vascularity of the underlying connective
tissue compared to controls. Therefore these findings challenge the
conventional idea that epithelial atrophy in OSF is due to the result
of poorly vascularized stroma [70]. It is further suggested that the
endogenous angiogenic promoters such as iNOS, b-FGF, TGF-f ,
PDGF, and HIF-1a that are known to be expressed in OSF, play an
important role in maintaining the vascularity of underlying connective
tissue [71]. After compiling all the collected data it was hypothesized
that the increase in vasculature is an adaptive response of the mucosa,
to cope up with the hypoxia created by progressive fibrosis. And
angiogenesis in turn plays an important role in tumour proliferation,
once the malignant transformation takes place [70]. Another study in
which MVD was assessed using anti-factor VIII related von Willebrand
factor also revealed a significant increase in MVD among OSF cases
than in normal oral mucosa, providing more supporting evidence
for the angiogenesis [72]. In accordance with the above findings a
different group reported that more or less same MVD in OSF samples,
when compared to normal healthy mucosa by hematoxylin and eosin
stain. They furthermore demonstrated an increase in mean vascular
luminal diameter as the disease progresses which they assumed to
be an adaptive response to compensate tissue hypoxia [73]. A study
based on inducible nitric oxide synthase (iNOS) reports a significant
vasodilatation in the OSF cases. Another assumption forwarded with
the same study is that iNOS being a powerful cytotoxic and genotoxic
agent, enhanced expression of iNOS in the disease probably exerts
effect on epithelial keratinocytes leading to epithelial thinning [71].
With the available literature, vascularity in the corium of OSF cases
is not consistent. However, it is a well known feature in conventional
histology that the vascularity of the mucosa reduces with the advance
fibrosis. Further, vascularity starts to increase in the juxtaepithelial
area once dysplasia appears in the epithelium. That may be part of
angiogenesis related to carcinogenesis.

Contribution of Integrin avf 6
Transformation

in Malignant

avp 6 integrin is known for its ability to promote tissue fibrosis as

well as carcinoma invasion. Considering its high expression in OSF we
designed a study in order to identify the functional role of avf 6 both
in vitro and in vivo. In this study it was found that arecoline, the major
alkaloid of arecanut, upregulates avf 6 expression in oral keratinocytes,
a process which was modulated through M4 muscarinic acetylcholine
receptor, for which arecoline is an agonist. The same process could be
suppressed by the M4 antagonist tropicamide. However the precise
regulatory mechanism of av} 6 expression is not yet fully understood.
It has been claimed that cytokines TNF-a, TGF-f 1 and high cell
density have a role to play. Since TNF-a production has been shown to
upregulate with arecoline, TNF-a is most probable to form part of the
downstream arecoline/M4 signaling pathway. This arecoline dependent
avB 6 up-regulation in oral keratinocytes was found to promote
keratinocytes migration and induce invasion, highlighting the role of
integrin in malignant transformation of OSF. Further emphasizing the
above fact it has been reported that over 80% of OSCCs arising on a
background of OSF had moderate to high avp 6 expression [26].

EMT a process that contributes to tumour cell invasion is a newly
forwarded concept that has gained substantial attention recently.
TGF-B 1 and Ras may modulate the EMT and also OSCCs in OSF
patients have a higher incidence of Ras mutations. Hence in the future
it would be interesting to find out whether av} 6 expressing OSF lesions
transform on acquiring mutated Ras and then undergo EMT [26].

Senescence and Epithelial Mesenchymal Interactions

Although the senescence growth arrest is clearly tumour
suppressive, there is mounting evidence that the Senescence Associated
Secretory Phenotype (SASP) can promote malignant phenotypes. It has
also been shown that the SASP is a potent inducer of an epithelial-to-
mesenchyme transition, a critical step in the development of invasive
and metastatic carcinoma. Further the above activity is due mainly to
the SASP component factors IL-6, IL-8 and GRO-a [74]. In one of our
previous studies it was clearly evident that arecoline dependent IL-6,
IL-8 and GRO-a in cell culture leading to DNA double strand breaks
through ROS. We demonstrated the similar findings in OSF tissue
confirming the above statement and showed the contribution of these
inflammatory molecules in malignant transformation [64].

Out of many of our recent investigations on OSF, the study designed
to examine the mechanism of senescence is of utmost importance. OSF
biopsies at different stages of the disease progression were analyzed,
using a combination of in situ immunodetection techniques, drug
treatments, fluorescence-activated cell sorting and enzyme-linked
absorbance assays. Senescent fibroblasts were found to be accumulated
with progression of the disease. The senescence of activated fibroblasts
in OSF was mediated by intrinsic generation of ROS probably as
a result of dysfunctional mitochondria, and was associated with
oxidative damage, DNA damage foci and pl6INK4A accumulation.
Interestingly it was noted that neither the continuous presence of the
disease stimulus, nor any other cell type or the tissue environment has
any association with the process of senescence. Hence it was convinced
that the senescent fibroblasts accumulation during the progression of
OSF is due to an intrinsic property of the disease-associated fibroblast
population. In contrast to the epithelial cells in which ROS were
thought to act directly to accelerate senescence by causing telomere
shortening and then the fibrosis, the fibroblasts achieve senescence via
a telomere and cell division independent mechanism. Furthermore
it was observed that the senescent fibroblasts produce 25-83 times
more MMP-1 and -2 than their pre-senescent counterparts. Therefore,
senescent cells may locally ameliorate the fibrosis by increased
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expression of MMPs prior to their clearance by the innate immune
system [75]. Although, our two studies show slightly different findings
in relation to senescence and arecoline, increase amount of senescent
cells appeared to be common. Therefore we believe in the fact that in
OSF senescence related epithelial-to-mesenchyme transition takes
place through SASP predisposing to carcinogenesis.

We have conducted another study on cytokeratin profiles of
OSF to support epithelial mesenchymal transition. Previous studies
have provided convincing evidence that keratinocyte differentiation,
proliferation, migration and invasion are influenced by epithelial-
mesenchymal interaction. And it also had been identified that the
changes in the mesenchyme result in alterations in keratin expression.
The prime feature of OSF is the excessive fibrosis of subepithelial
connective tissue and this abnormal mesenchyme in turn could
possibly affect the overlying epithelium. In this study we hypothesized
that in OSF, keratinocytes in the epithelium could be altered in
such a manner that the altered keratin profiles would influence the
disease pathogenesis, as well as the predisposition to malignant
transformation. There was increase K1 and K10 in the suprabasal
layers along with an induction of K6 in the basal layer and complete
loss of K19 in the epithelium. Furthermore, there was increased K17
expression in the suprabasal layers, which correlated with histological
grading of disease severity. The most significant K17 expression was
observed in the most advanced cases. Although K17 expression of
the basal layer was completely lost in a subset of most severe cases,
there was no detectable correlation between basal K17 expression
and disease severity. According to the findings of this study, existence
of an OSF-specific keratinocytes phenotype with a different keratin
expression profile from other cutaneous and oral diseases was clearly
evident. Hence we proposed that the altered keratin profiles could be
useful as histological diagnostic markers in both pathogenesis and
predisposition to malignancy in OSF [76].

Genetic Susceptibility

Since OSF is considered as a high-risk pre-cancerous condition,
knowledge of genetic susceptibility to malignant transformation is
of immense importance, especially in developing cancer predictive
markers for OSF patients. The first ever attempt to detect the genomic
instability in OSF was carried out by employing the high-resolution
genome-wide Affymetrix Mapping single nucleotide polymorphism
microarray technique by our group. Genomic instability denotes
early genetic events during malignant transformation causing Loss of
Heterozygosity (LOH) and chromosomal copy number abnormality.
With this study we were able to identify a small number of discrete hot-
spot LOH loci in 47-53% of the OSF samples studied. The degree of
LOH was appeared to have a significant positive relationship with OSF
grade. The fact that many of these LOH loci were previously identified
regions of genomic instability associated with carcinogenesis of head
and neck squamous cell carcinomas (HNSCC) further emphasizes
the value of these findings. The results highlight 14 chromosomes
containing 23 hotspot LOH loci, among which chromosome 13 was
found to contain the largest, in proportion to chromosomal size, LOH
regions ranging from 13q14 to 13q33. Considering the well known
fact that chromosome 13q is highly susceptible to genomic instability
in HNSCC, we hypothesized that genes within the 13q14-q33 LOH
region found in the OSF may play essential roles in the initiation of oral
carcinogenesis in these patients. Other LOH loci revealed in this study
with previously identified susceptibility regions in HNSCC include
3p24-p22, 6q26-q27, 9q22.3, 12p11.2, and 20p12-11.These LOH loci
were found to harbor numerous oncogenes and tumour suppressor

genes involved in the regulation of hypoxia, cellular adhesion/migration,
matrix remodeling, cell cycleapoptosis, DNA repair and inflammation.
This study provides first and foremost evidence that genomic instability
in the form of LOH is present in OSF. This acquisition of LOH may
subsequently alter gene function and expression. We hypothesize
that increasing LOH may play a role in OSF progression and may be
responsible for malignant transformation in a subset of patients with
the disease [77]. Further detailed studies targeting these genes may
help in the proper understanding of malignant transformation in the
background of fibrosis.

Conclusions

This review focused mainly on the literature available from 2005 up
to date as we have produced a comprehensive review on the subject in
2005 [1]. It appears that we have a wealth of scientifically sound evidence
on various aspects of pathogenesis and malignant transformation of
the deadly disease without a definite treatment. ROS is found to play
a significant role in both pathogenesis and malignant transformation.
Therefore, antioxidants should have significant therapeutic benefits in
managing the disease and preventing carcinogenesis in the background
of fibrosis. Future research should also focus on targeting various
molecules and pathways which have been identified, in order to search
for effective treatment as morbidity and mortality is significantly
higher in OSF.
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