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ABSTRACT
Background: Oral submucous fibrosis (OSMF) is a potentially malignant disorder. Though areca nut chewing is an established risk factor, its low prevalence among nut chewers indicates additional factors likely facilitate pathogenesis. We recently demonstrated high fluoride levels in smokeless tobacco products and hypothesized a potential pathological role of fluoride in OSMF. Further exploring this novel role, this study compared fluoride levels in tissue, serum, and saliva samples from OSMF patients and healthy controls.  

Methods: The ethically approved study included 25 clinically confirmed OSMF patients and 25 healthy matched controls. OSMF cases underwent buccal mucosal incisional biopsy, while controls had buccal mucosa tissue sampling during third molar removal. Fasting venous blood and unstimulated saliva were collected. Fluoride levels were analyzed using ion chromatography and expressed as median (IQR).

Results: OSMF cases showed significantly higher fluoride concentrations compared to controls in tissue biopsies (30.1 mg/kg vs 0 mg/kg, p<0.0001), serum (0.4 mg/L vs 0 mg/L, p=0.005) and saliva (1.3 mg/L vs 0 mg/L, p<0.0001). Majority (68%) of controls had undetectable fluoride levels across all samples. Tissue fluoride weakly correlated with OSMF severity (r=-0.158, p=0.334).

Conclusion: The preliminary findings demonstrated increased tissue fluoride levels in OSMF patients compared to healthy controls. Along with a previous study showing high fluoride content in smokeless tobacco products, these findings provided early evidence suggesting fluoride could play a contributory role in OSMF pathogenesis. Further large-scale investigation is warranted to definitively establish whether the association between fluoride exposure and OSMF is indicative of causation. 
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Introduction
Oral submucous fibrosis (OSMF)  is a potentially malignant condition prevalent among South Asians, posing a major public health issue due to its high malignant transformation rate. [1,2] While areca nut is the primary etiological factor, copper and other trace elements may also contribute, with studies showing upregulation of copper-dependent enzyme lysyl oxidase in OSMF tissues. [1,2]  OSMF is highly prevalent and increasing in India and South East Asia, with disease burden rising over the past four decades from 0.03% to 6.42% in these regions.[3] [3]. Reported prevalence ranges widely from 0.03-30% regardless of areca nut habits.[3] However, these estimates originate from OSMF patients or general populations rather than areca nut chewers specifically. A recent systematic review of 15 studies reported an OSMF prevalence of 5% among areca nut chewers, suggesting other contributing factors beyond areca nut use alone.[4]
We recently proposed fluoride as a possible contributory factor in the pathogenesis of OSMF [5,6], which was distilled from our past observation that many of our OSMF patients were from high fluoride areas. This led us to consider fluoride as another potential contributing factor along with copper. OSMF is commonly seen in Asians with substantial consumption of fluoride-contaminated groundwater and fluoride-rich diets like areca nut, tobacco, and tea [6-8]. However, no studies have directly explored the potential mechanistic role of fluoride in OSMF pathogenesis and progression. To begin investigating this, we recently evaluated fluoride concentration in commercial areca nut products including gutkha, pan masala and raw areca nut, along with tobacco, slaked lime and catechu samples. [6] This was to understand sources of fluoride exposure to evaluate any dietary risk factors for OSMF. All products showed high fluoride, with catechu having the highest mean concentration at 51.20mg/kg, followed by tobacco, gutkha, pan masala, processed areca nut and raw areca nut. These findings provided a clue regarding the OSMF – fluoride association and warranted further elucidation to confirm causation.

Therefore, we further investigated the fluoride-OSMF association by comparing salivary, serum, and tissue fluoride levels among OSMF patients and controls. Since OSMF likely involves multiple factors, elucidating fluoride's potential contributory role is imperative for revealing impactful preventive strategies against this potentially malignant condition's rising prevalence. 

Methods
This pilot study was conducted in the Kalyana Karnataka region, India. Ethical approval was obtained from the Institutional Ethics Committee (Ref No. HKDETDC/EIC/22-07-22/01/22) prior to participant recruitment. Consecutive patients diagnosed with OSMF based on standard clinical criteria [1] were recruited. Age and gender matched healthy controls were selected from patients undergoing surgical removal of impacted third molars. Exclusion criteria were history of medical/surgical treatment for OSMF, presence of other secondary oral mucosal lesions, and pregnant/lactating females.
Written informed consent was obtained from all participants prior to enrolment. For minor patients under 18 years old, informed consent was obtained from their parents. Detailed demographic data and history of gutkha/areca nut chewing was recorded. OSMF cases were clinically graded into four stages (very early, early, moderately advanced, and advanced) as per mouth opening [1].
OSMF patients underwent incisional biopsy from buccal mucosa under local anaesthesia using 2% lignocaine.  Treatment recommendations were then provided for all OSMF patients based on disease severity assessments.  Controls had buccal mucosal tissue sampling during third molar surgery under local anaesthesia. About 5mm x 5mm sized tissues were obtained and immediately washed in normal saline to remove blood. 2 ml of venous blood was collected from the antecubital vein by venepuncture using a sterile vacutainer and needle. The blood was allowed to clot and then centrifuged at 2000 rpm for 10 minutes to obtain clear serum. 2 ml of unstimulated whole saliva was collected by asking participants to spit into a sterile plastic container. The saliva samples were centrifuged at 3000 rpm for 5 minutes to remove debris. The tissue, serum, and saliva samples were transferred into plastic vials and stored at -20°C until biochemical analysis. Fluoride concentration was estimated using ion chromatography (Thermo Scientific & Dionex ICS-5000+) with a 0.0001% limits of quantification (LOQ).

Statistical Analysis
Data was analyzed using R Version 4.2.3, 2023 (https://www.R-project.org/). Fluoride levels were expressed as median (interquartile range) and compared between OSMF cases and controls by Wilcoxon Rank sum (also known as Mann-Whitney U) test. A Kendall's tau-b correlation was used to evaluate possible associations between clinical grading of oral submucous fibrosis (OSMF) severity and fluoride levels in the affected mucosal tissues among the 25 OSMF patients in this pilot study. As a nonparametric measure of association strength and direction between two variables, Kendall’s tau-b was selected over Pearson’s correlation given the non-normal distributions and limited sample size. The goal was to determine if any suggestive associations between biopsy tissue fluoride content and OSMF grade warranted further interrogation in an expanded study. A p-value <0.05 was considered statistically significant.

Results

The study included 50 male participants within an age range of 16 to 42 years. The mean age of the overall cohort was 25.4 ± 6.6 years. The OSMF group comprised 25 patients with a mean age of 26.9 ± 7.3 years. The control group included 25 healthy volunteers with a mean age of 23.9 ± 5.4 years. The difference in mean ages between OSMF cases and controls was not statistically significant (Mean difference 2.96 years, 95% CI -6.63 to 0.71, p=0.16).
The OSMF group showed significantly higher fluoride levels compared to controls in tissue biopsies (30.12 mg/kg vs 0 mg/kg, p<0.0001), serum (0.4 mg/L vs 0 mg/L, p=0.005), and saliva (1.3 mg/L vs 0 mg/L, p<0.0001) as evidenced by the Mann-Whitney U test.
In the OSMF group, all tissue, serum and saliva samples showed detectable fluoride levels, although in varying concentrations. The tissue fluoride ranged from 11.67 mg/kg to 50.88 mg/kg, with a median of 30.12 mg/kg (IQR 23.4-43.1 mg/kg). The highest tissue fluoride concentration of 50.88 mg/kg was found in a patient with advanced (Stage IV) OSMF with trismus.
The serum fluoride in OSMF patients ranged from 0.1 mg/L to 2.12 mg/L with a median of 0.4 mg/L (IQR 0.1-0.7 mg/L). The salivary fluoride levels were between 1.1 mg/L to 3.20 mg/L, with a median of 1.3 mg/L (IQR 1.1-2.1 mg/L).
Among controls, 13 participants (52%) showed no detectable fluoride in tissue samples, with 15  (60%) of serum samples and 19  (76%) saliva samples showing no detectable fluoride. The  control participants showed fluoride levels ranging from 0.21 mg/kg to 10.23 mg/kg in tissues, 0.12 mg/L to 4.89 mg/L in serum, and 0.06 mg/L to 1.40 mg/L in saliva.

The box and whisker plot (Figure 1) shows that the control group (zero) has much less fluoride in tissue than the OSMF group the maximum value for the control group is 10.23mg.kg-1 is lower than the minimum value of 11.67 mg.kg-1 for the OSMF group. The median value for the control group shows the prevalence of no trace of fluoride in the tissue samples. A Wilcoxon rank sum test confirmed this very obvious difference in the sample to be significant with a p-value very close to zero (W = 0 , p = 1.013e-9 ).

Similar analysis of Serum data showed less distinct differences. Figure 2 illustrates a significant overlap in boxplots. The control group (0) had a median value of zero, indicating that at least half had no detectable serum fluoride. Notably, both groups had outlier values that were much higher than the rest. The Fligner-Killeen test confirmed that the variance was consistent between groups (χ2(1) = 1.262, p = 0.261), making the following Wilcoxon rank sum test more dependable. This test found a notable difference in serum fluoride levels between the control and OSMF groups (W = 168, p = 0.005).
Analysis of salivary samples produced the boxplot in Figure 3, displaying a similar pattern to the tissue samples, with minimal evidence of fluoride in the control group. Given the boxplot, it is unsurprising the data set spreads significantly differed, as confirmed by the Fligner-Killeen test showing lack of homogeneity of variance between groups (χ2(1) = 9.63, p = 0.002). A Wilcoxon rank sum test was not performed since the considerable number of ties would render it unreliable. 

The OSMF group showed a negative correlation between fluoride levels and clinical grading in Tissue, serum and saliva samples, however none of these correlations were statistically significant (see table 1). This may because the majority of the OSMF group were assessed as having grade 2 of the disease with a few at each of grade 1 and grade 3 meaning that there was little ability to differentiate stage  by any other variable (such as fluoride level).
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To our knowledge, this preliminary study is the first to present early evidence of fluoride in OSMF-affected mucosa, suggesting a potential link between fluoride exposure and development of OSMF. Patients with OSMF exhibited markedly elevated levels of fluoride in tissue biopsies, serum, and saliva compared to healthy controls, which are crucial sample types for evaluating both systemic and local fluoride levels. Furthermore, the exclusive inclusion of male participants aligns with past observations indicating a higher incidence of OSMF in men than in women across different regions. The average age of OSMF patients, 26.9 ± 7.3 years, underscores the early onset and widespread occurrence of this condition among the younger population, especially among those who habitually chew gutkha.
A key observation from the study was the pronounced increase in tissue fluoride levels in OSMF patients compared to controls. Fluoride was detectable in tissues from all OSMF patients, with levels as high as 50.88 mg/kg, while over half of the control subjects had no measurable fluoride content in their tissue samples. These findings indicate fluoride accumulation occurs in oral tissues affected by OSMF.  Prior studies confirm fluoride is readily absorbed by oral mucosa[9]  and can accumulate long-term in these tissues with continued exposure [10]. This supports the idea that when exposed to a consistent local fluoride challenge, the oral mucosa becomes a fluoride reservoir [9,10]. Consequently, our results suggest the habitual chewing of Gutkha might be the primary fluoride source, which, due to persistent exposure and physical pressure, gets absorbed and stored in the oral mucosa.

There were also significant differences in serum fluoride levels, with OSMF patients having slightly elevated levels (0.4 mg/L) compared controls (0 mg/L), despite broad ranges in both groups. Serum fluoride predominantly reflects dietary intake [11], so the subtle increase in OSMF patients likely indicates chronic fluoride ingestion rather acute factors. Given the elevated salivary fluoride also seen in the OSMF patients included this study, their raised serum levels likely indicate chronic fluoride ingestion. Typically, smokeless tobacco or gutkha is usually chewed and spit out, with very little ingested. This could be the reason for the slight rise in serum fluoride levels. Hence, the elevation in serum fluoride is indicative of sustained fluoride exposure, attributed to prolonged habits of consuming smokeless tobacco products like gutkha, serving as a biomarker for chronic fluoride exposure.
Statistical analysis (Table 1) suggested a negative association between fluoride levels and OSMF grade, though this was not statistically significant with the limited sample size. This initial trend suggests higher fluoride may be linked to more severe OSMF, warranting further research on larger samples to investigate if fluoride influences disease progression and severity.

Overall, our preliminary results demonstrated consistently elevated fluoride levels in tissue, serum, and saliva samples of OSMF patients compared to controls. This provided initial evidence that fluoride exposure could contribute to OSMF pathogenesis. Supporting this, our previous study [6] demonstrated significant fluoride concentrations in all smokeless tobacco products tested, including non-tobacco components. Specifically, gutkha showed a mean fluoride level of 10.87 mg/kg and pan masala had a mean of 9.81 mg/kg, whereas unprocessed areca nuts had lower means around 5.63mg/kg. Additionally, slaked lime revealed considerable fluoride at 16.67 mg/kg and catechu had the highest mean level at 51.20 mg/kg. The quantified presence of fluoride in various product types, especially processed preparations like gutkha, suggests these items may provide constant topical fluoride exposure in the oral cavity. This chronic fluoride exposure could present oral tissues with repeated challenges from the harmful effects of excessive fluoride.
Chronic topical exposure to fluoride from smokeless tobacco products such as gutkha may lead to accumulation of fluoride in oral tissues and induce changes in the oral mucosa through various mechanisms. Fluoride is known to generate reactive oxygen species and cause oxidative damage to cells [13,14].  It can directly inhibit enzymes like enolase involved in glycolysis leading to ATP depletion and mitochondrial dysfunction [15]. This triggers the intrinsic apoptotic pathway in mucosal epithelial cells and fibroblasts [16]. Sustained apoptosis results in the release of profibrotic factors like TGF-beta that stimulate fibroblasts and promote collagen deposition and extracellular matrix remodelling [17]. 
Fluoride-induced oxidative stress can also activate inflammatory pathways like NF-kB and increased expression of cytokines like IL-8 and COX-2 [13, 18-20]. The resulting chronic inflammation state further drives the progression of mucosal fibrosis [21]. Fluoride may additionally impact the synthesis, maturation and crosslinking of collagen fibers, contributing to defective collagen structure [9, 22]. Muscle fibre degeneration noted in experimental fluorosis indicates fluoride's deleterious effects on striated muscle [23], which could potentially explain the peri-oral musculature changes observed in OSMF.

Furthermore, direct mucosal exposure to fluoride causes tissue damage, including to the oral mucosa [24]  that may relate to OSMF's postulated defective wound healing pathogenesis [25,26]  following chronic injury. Specifically, repetitive injury triggers extensive apoptosis in the epithelium. [27] This induces proliferation of activated myofibroblasts and fibrotic lesion formation, representing critical epithelium-myofibroblast interactions driving fibrosis. [27] 

Therefore, based on the above observations and preliminary results of the present study, we hypothesize that fluoride elicits pro-fibrotic effects through several mechanisms (figure 4). These include its electronegativity, direct tissue damaging abilities, enzyme inhibition, oxidative stress induction, and interference with mitochondrial and collagen function. Specifically, electronegative nature of fluoride, along with its propensity for direct tissue damage, allows it to inhibit key enzyme functional groups. This generates oxidative stress and disrupts mitochondrial and collagen metabolism. Collectively, these fluoride-induced tissue changes create a chronic inflammatory and pro-fibrotic microenvironment in the oral mucosa. This aberrant microenvironment likely contributes greatly to the pathogenesis of OSMF.

Fluoride is also known to cause DNA damage and disrupt cell cycle control through oxidative mechanisms [28]. Specifically, fluoride can alter the expression of tumor suppressor proteins like p53 as well as anti-apoptotic proteins like Bcl-2. [29]  Importantly, some studies have observed that these fluoride-induced cellular changes become more pronounced with increasing severity of fluorosis. [30] We hypothesize these morphological alterations, including dysplastic changes, may eventually progress to malignant transformation (Figure 4). The dose-dependent nature of these cellular effects suggests high fluoride levels contribute to the malignant changes seen in a subset of advanced OSMF cases. Hence, through oxidative damage and molecular signaling dysregulation, chronic fluoride exposure appears to impart carcinogenic potential – an effect that likely intensifies with increasing exposure.

Finally, this preliminary study demonstrating elevated fluoride levels in OSMF patients, together with our previous findings of high fluoride content in areca nut products, provides initial evidence for a link between chronic fluoride exposure and development of oral submucous fibrosis.	Comment by Brennan Peter - Consultant Oral and Maxillofacial Surgeon: Not sure this adds anything- suggest deleting
Conclusion: 
The study findings provides initial evidence of increased fluoride in OSMF patients when compared to controls. These findings point to fluoride as a likely contributor to OSMF pathogenesis, perhaps acting synergistically with other risk factors in disease onset. While this study suggests an association, determining causative links between fluoride and OSMF requires larger-scale confirmation. Further research is required to conclusively demonstrate x causal impacts of fluoride on OSMF development and the mechanisms involved.
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Legends : 
Figure 1.  Boxplot of the fluoride levels mg.kg-1  in the tissue samples of both control (0) and OSMF(1) groups.
Figure 2.  Boxplot of the fluoride levels mg.kg-1  in the serum samples of both control (0) and OSMF(1) groups.
Figure 3.  Boxplot of the fluoride levels mg.kg-1  in the saliva samples of both control (0) and OSMF(1) groups.
Figure 4. Possible Mechanism of Fluoride in the Pathogenesis and Malignant Transformation of Oral Submucous Fibrosis
Table 1.  Kendall’s τ correlations of each variable with OSMF level
