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Background: Consumption of tobacco and its associated products has been linked with a high incidence of oral cancer in the Indian subcontinent. The present study aims to assess the differential effects of areca nut, tobacco, and slaked lime on the pathogenesis and progression of oral cancer.

Methodology: Extracts of areca nut (ANE), tobacco leaf (TLE), and lime water (LWE) were prepared and characterized. Oral keratinocyte cells (BICR10) were treated with the prepared extracts alone and in combinations. Cell apoptosis, necrosis, nuclear aberrations, and transcript expression profiles were assessed to study the cancer pathogenesis.

Results: An increase in apoptosis and necrosis was observed in the cells treated with ANE and ANE+LWE, while a decrease in apoptosis was observed in cells treated with TLE. We also found a variation in the size of nuclei and an increase in the number of multinuclei in the cells treated with TLE and TLE+LWE. Out of 24 head and neck cancer-related genes, we found significant upregulation in seven genes in ANE, six in ANE+LWE, 13 in TLE, 20 in LWE, and 14 in TLE+LWE treated cells. On pathway enrichment analysis, there were alterations in the “pathways in cancer,” “focal adhesion,” and “amoebiasis.”

Conclusion: Although areca nut has been regarded as a carcinogen, its carcinogenic potential is lesser than tobacco and lime. Moreover, adjunctive use of tobacco and lime along with areca nut may be an essential factor in the onset and progression of oral cancer.
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Introduction

Habitual and recreational use of betel quid, along with some other components like areca nut and slaked lime, is a common practice in the Indian subcontinent (1). It has been traditionally used as a mouth freshener for centuries. However, it is harmful; some consumers prefer to add chewing tobacco to it, making it prone to addiction (2). These being common everywhere, other ingredients and flavoring agents are also added based on local practices and preferences. In the past few decades, consumption of its processed form, namely 'paan masala,' has increased due to its ease of usage and shelf life (3). Moreover, with its usage, the prevalence of several potentially malignant oral disorders and oral cancer has also increased (4).

Areca nut and tobacco have been classified as carcinogenic to humans (Group 1) by the International Agency for Research on Cancer (IARC) (5). The constituents of areca nut include arecoline, arecaidine, guvacoline, and guvacine (6). Arecoline, being the abundant ingredient, is grouped as possibly carcinogenic to humans (Group 2B) (7). On the other hand, nicotine, being the abundant constituent of tobacco, itself is not considered to be a carcinogen by IARC (8); however, other ingredients, i.e., N'-nitrosonornicotine (NNN) and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) have been regarded as Group 1 carcinogens (9). Nicotine can undergo conversion to NNN and NNK during the process of curing (10). Slaked lime, which predominantly comprises calcium hydroxide, is also added, which increases the adsorption of the constituents of areca nut and tobacco into the bloodstream, increasing their bioavailability and making them more pleasurable to the chewer (11). Lime also hydrolyzes almost all arecoline to arecaidine (12). Hence, it possibly increases the carcinogenicity of both areca nut and tobacco.

Areca nut is known to cause oral submucous fibrosis (OSMF), a potentially malignant oral disorder (13). It mainly affects fibroblasts in the connective tissue but also affects keratinocytes in the oral epithelium (14). Its malignant transformation to Oral squamous cell carcinoma (OSCC) is found in as many as 13% of OSMF patients (15). OSCC is a lesion of epithelial origin and comprises around 90% of head and neck cancers (16). However, whether areca nuts alone or the additional components that lead to this malignant transformation to oral cancer is still unanswered.

Hence, the current paper aims to study the differential effects of areca nut, tobacco, and slaked lime and their combinations on the progression of oral squamous cell carcinoma. Owing to the role of these adjunctive components in cancer pathogenesis, we considered preparing and using extract instead of purified compounds. We studied cell viability, apoptosis, necrosis, and genomic instability to assess the effect of these components on epithelial keratinocytes. We also identified top altered genes from previous reports and performed gene expression analysis to understand their impact on cancer pathogenesis and progression.



Results


Constituents of areca nut and tobacco leaf

The active ingredients of ANE and TLE were confirmed by LCMS. The prevalent peak at m/z=156.1 shows the presence of arecoline (MW −155.19 g/mol) in the ANE (Supplementary Figure S1A). A peak at m/z=142.1 indicates the presence of arecaidine in ANE.

The prevalent peak at m/z = 163.12 shows the presence of nicotine (MW −162.23 g/mol) in TLE (Supplementary Figure S1A). The presence of trace amounts of NNN (MW −177.2 g/mol) and NNK (207.23 g/mol) was confirmed by a peak at m/z = 178.14 and 208.04, respectively.



Cell viability on treatment with ANE, TLE, and LWE

MTT assay shows cell proliferation at lower concentrations of ANE (up to 12.5 μg/ml); however, cell inhibition at higher concentrations. The IC50 of ANE is 98.71 μg/ml, and LWE is 32.32% (Supplementary Figures S2A, C). A sub-cytotoxic dose of ANE (10 μg/ml) and LWE (5%) was used in further experiments. However, the IC50 of the cells treated with TLE could not be determined as the cells were vital, even at a concentration as high as 1,000 μg/ml (Supplementary Figure S2B). Hence, TLE was used at a 100 μg/ml concentration to treat the cells.



The status of apoptosis and necrosis of the cells treated with ANE, TLE, and LWE

EB-AO staining reveals a significantly higher number of cells treated with ANE and ANE+LWE showing apoptosis and necrosis. In contrast, the cells treated with TLE showed a reduction in the number of cells with necrosis (Figures 1A, B). Western blot shows a significant increase in the expression of RIPK1 in cells treated with ANE and ANE+LWE (Figures 1C, D). Moreover, we also performed the transcript expression profile of apoptotic genes (fadd, apaf1, bid, noxa, bim and bax) as seen in Figure 1E. We found a significant increase in all these genes in the ANE-treated cells. There was a significant increase in fadd, bid, noxa, and bax expression in ANE+LWE-treated cells. LWE and TLE+LWE also show significant increases in the expression of apaf1, noxa, bim, and bax. As expected, the expression of these genes was downregulated in TLE-treated cells.
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FIGURE 1
 Status of apoptosis and necrosis in cells treated with ANE, TLE and LWE. Representative images showing green colored cells as live, yellow to orange colored cells as apoptotic and dark orange to red colored cells as necrotic by EB-AO dual staining (A), quantification of live apoptotic and necrotic cells by cell counting (B) Western blot of RIPK1 protein (C) and its quantification (D) showing increased necrosis in ANE and ANE+LWE treated cells. Heat map showing expression of apoptotic genes fadd, apaf1, bid, noxa, bim, and bax (E), indicating decreased expression in cells treated with TLE but increased expression with ANE, LWE, ANE+LWE and TLE+LWE treated cells. All the experiments were performed in three biological replicates with two technical replicates in each set. The data is presented as mean values ± SEM. Intergroup comparison was performed using one-way ANOVA followed by Tukey's Post hoc analysis (#/*p < 0.05, ##/**p < 0.01, ###/***p < 0.001).




Genomic instability in cells treated with ANE, TLE, and LWE

The presence of multinuclei and micronuclei was assessed by staining the treated cells with DAPI (Figure 2A). It was found that there is a significant increase (p < 0.05) in the count of multinuclei in cells treated with TLE and TLE+LWE (Figure 2B). Micronlcei were increased in all the groups except for cells treated with LWE (Figure 2C). There was a significant variation in nuclei size in the cells treated with TLE and TLE+LWE (Figure 2D).
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FIGURE 2
 Genomic instability in cells treated with ANE, TLE, and LWE. Representative images showing nucleus stained with DAPI with red arrows showing multinuclei and yellow arrows showing micronuclei (A), higher number of cells with mutinuclei were observed in cells treated with TLE and TLE+LWE (B), and higher number of cells with micronuclei were observed in cells treated with ANE, LWE, ANE+LWE and TLE+LWE (C) A significant variation in the size of nuclei was observed in cells treated with TLE and TLE+LWE (D). All the experiments were performed in three biological replicates with two technical replicates in each set. The data is presented as mean values ± SEM. Intergroup comparison was performed using one-way ANOVA followed by Tukey's Post hoc analysis (*p < 0.05, **p < 0.01, ***p < 0.001).




Gene expression profile

Figure 3A shows a correlation heat map of the genes studied in the treated cells (also see Supplementary Table S2). It was observed that genes were clustered into two groups where isg15, ca9, hoxd11, mmp11, adam12 and inhba were in one group while col5a1, col5a2, col1a1, if16, fn1, spp1, tgfb1, lamc2, aim2, postn, hoxb7, flna, anxa4, nell2, mmp1, mmp3, pcsk9 and tm4sf19 in another group. There was a positive correlation of the genes within each set and a negative correlation between both sets. A heat map with the gene expression profile is shown in Figure 3B (also see Supplementary Table S3, supporting information). Out of a total of 24 genes, there was significant upregulation (p < 0.05) in seven genes in ANE, six in ANE+LWE, 13 in TLE, 20 in LWE, and 14 genes in TLE+LWE treated cells. There was a significant downregulation (p < 0.05) of 14 genes in ANE, three genes in TLE, none in LWE, nine genes in ANE+LWE, and one gene in TLE+LWE treated cells. The slaked lime itself leads to a significant upregulation of most of these genes but also enhances the expression of ca9, inhba, adam12, nell2, and pcsk9 in addition to areca nut and tobacco. The expression profile has also been summarized in Figure 5.
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FIGURE 3
 Gene expression profile by qRTPCR in cells treated with ANE, TLE and LWE. Correlation heat map (A) shows gene clustering into two sets with isg15, ca9, hoxd11, mmp11, adam12, and inhba in one group while the remaining genes are in another group. There was a positive correlation between the genes within each group but a negative correlation between the groups. Gene expression heat map (B) shows the upregulation of seven genes in ANE, six in ANE+LWE, thirteen in TLE, twenty in LWE, and fourteen genes in TLE+LWE treated cells. There was a significant downregulation of fourteen genes in ANE, three genes in TLE, none in LWE, nine genes in ANE+LWE, and one in TLE+LWE treated cells. All the experiments were performed in three biological replicates with two technical replicates in each set. Intergroup comparison was performed using one-way ANOVA followed by Tukey's post hoc analysis (α = 5%).




Pathway analysis

On treatment with ANE, TLE, and LWE, alteration in the gene expression was found to be associated with several metabolic pathways, as shown in Figure 4A (also see Supplementary Figure S4, Supplementary Tables S4–S7). Supplementary Figures S3A, S3B show box plots with normalized data (log2 transformed) of the qRT-PCR data in all the groups and PCA plots, respectively. The three most altered pathways were “focal adhesion,” “amoebiasis,” and “pathways in cancer.” Other altered pathways were the “PI3K-Akt signaling pathway”, “ECM-receptor interaction,” “AGE-RAGE signaling pathways in diabetic complications,” “proteoglycans in cancer,” and “MAPK signaling pathway”. Figure 4B shows a Venn diagram showing the number of differentially expressed pathways in all the groups (see Supplementary Table S6). It was observed that twelve pathways were altered commonly in all the groups. Three pathways, namely the PPAR signaling pathway, Bladder cancer, and IL-17 signaling pathway, were altered between ANE vs. TLE-treated cells and ANE+LWE vs. TLE+LWE-treated cells. We found that adding LWE to ANE and TLE enhances the effect of cancer by affecting focal adhesion the most.
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FIGURE 4
 Pathway analysis. The gene expression profile in all the groups was subjected to pathway enrichment (A). The top altered pathways identified in all the treatment groups were “focal adhesion,” “amoebiasis,” and “pathways in cancer”. The Venn diagram (B) shows pathways common between the different groups. Twelve pathways were altered commonly in all the groups. Compared to areca nut treatment, tobacco leads to alteration in three pathways, namely the PPAR signaling pathway, Bladder cancer, and IL-17 signaling pathway.





Discussion

Oral cancer is a rising concern in India, and consumption of tobacco and its associated products, like betel quid, is considered to be the major culprit in its etiopathogenesis (17). It is interesting to note that not all consumers develop cancerous lesions. Besides the genetic and environmental factors, several other risk factors can also play an important role in causing cancer (18). A person is more likely to develop cancer based on habits such as the number of years of consumption, frequency per day, location of placement in mouth, and duration of placement (19). A synergistic effect due to the simultaneous use of more than one form of tobacco or its associated products can also affect its etiopathogenesis (20). It is intriguing to know which of the known components in the betel quid plays a role in cancer pathogenesis the most. Hence, the current study was designed to explore and distinguish the effect of three major carcinogenic substances of betel quid (areca nut, tobacco, and slaked lime) on cancer progression. We treated the oral epithelial keratinocyte cell line (BICR10) with extracts prepared from areca nut, tobacco, and lime. We then assessed the active ingredients of tobacco and lime, followed by the status of apoptosis, necrosis, necroptosis, genomic instability, and OSCC gene expression analysis in the cells. The cells were treated with these extracts named ANE, TLE, and LWE alone and in combinations (ANE+LWE and TLE+LWE). During the initial experiments, a group with a combination of all three (ANE+TLE+LWE) was also included; however, even with multiple permutations and combinations of treatment doses, the vitality of cells was compromised to a great extent (data not shown), ultimately affecting the outcome of our experiments. Hence, we decided not to include this group in the study. This was unfortunate because many consumers use these components together in the betel quid. However, this did not affect the purpose of our investigation, which was to ascertain which of these components is more important in the onset of cancer or even the advancement of an existing disease.

The working dose of ANE, TLE, and LWE was decided based on the results of MTT, and a subcyotoxic dose was used for further experiments. We found cell proliferation at lower concentrations while cell inhibition at higher concentrations on treatment with ANE. Similar effects of areca nut on epithelial keratinocytes have also been reported in previous studies (21, 22). We also found cytotoxic effects of LWE on epithelial keratinocytes. The proliferative/cytotoxic effects of slaked lime on mucosal epithelium have not been studied much. However, its proliferative effect on fibroblasts have been reported (11). So it can play an important role in pathogenesis of potentially malignant lesions like oral submucous fibrosis. Interestingly, TLE did not induce cell death, even at high concentrations used in the study (1,000 μg/ml). This supports the understanding of evasion of death in cancer cells. Probably, even a higher concentration of TLE was required to induce cell death; however, the study aimed not to assess the cytotoxicity but to evaluate the carcinogenicity of tobacco and compare it with other components. Hence, for further experiments, the working dose of TLE was decided by studying other factors like nuclear aberrations and gene expression profile, while a sub-cytotoxic dose of ANE and LWE that showed cancer gene expression was used.

Evasion of apoptosis is one of the hallmarks of cancer that promotes tumor pathogenesis and resistance to treatment. We studied the apoptosis and necrosis in the cells treated with ANE, TLE, and LWE by EB-AO staining, as well as mRNA expression profiles (23). Necrosis of cancer cells in the form of necroptosis has also been reported to show both tumor-promoting and tumor-suppressing effects (24). RIPK1, which is a marker of necroptosis, has been reported in various cancers (25, 26). Its role in oral cancer has also been reported in several studies (27–29). Hence, we also studied necroptosis by assessing the expression of RIPK1 on western blot. However, we used a cell proliferative dose of ANE; it was observed that there was an increase in apoptosis and necrosis in the cells treated with ANE and ANE+LWE. This suggests a simultaneous proliferative and inhibitory effect of areca nut. Moreover, it explains the heterogeneity in the cell behavior where the dominant behavior shows up, which ultimately affects the outcome of the tumor (30). In fact, a study suggests that areca nut can serve as an anticancer agent through its capability to induce caspase-dependent apoptosis (31). However, this can be dose-dependent and should be cautiously examined before appreciation. Another study suggests that the apoptosis in epithelial cells is induced by arecoline in the nuts by upregulating tropomyosin- through the transforming growth factor-β/Smad pathway (32). Further, the increased apoptosis due to ANE may also be compared to its effect on the oral mucosa, leading to epithelial atrophy, which, histologically, is seen as a decrease in the number of cell rows and loss of rete pegs. This atrophy is also mediated by the presence of arecoline and copper in the ANE (33, 34). The role of apoptosis in OSMF-related epithelial atrophy has also been reported previously (35, 36). As expected, there was a significant decrease in apoptosis in the TLE-treated cells. This decreased apoptosis corroborates the increased cell viability in TLE-treated cells, indicating its role in cancer progression. Contrary to our findings, studies reports that smokeless tobacco causes apoptosis in fibroblasts and keratinocytes (37, 38). This apoptosis has been considered a result of free radical activity and oxidative tissue damage (39).

We also report genomic instability by assessing the multnuclei and micronuclei in the cells treated with ANE, TLE, and LWE. Genomic instability is an evident feature of cancer, which is caused by defects in certain processes that control the way cells divide (40). The presence of micronuclei and multinuclei is one of the key features of cancer cells (41, 42). Large multinucleated cells in cancer occur due to acytokinetic cell division or cell fusion (43). In comparison, micronuclei are small structures created by chromosomal fragments surrounded by nuclear membranes that fail to reorganize in the primary nucleus after cell division (44). In our study, we also found a significant increase in micronuclei in ANE and ANE+LWE; however, multinucleation and variation in size were not observed in cells treated with ANE, LWE, and ANE+LWE-treated cells. Several previous studies have reported an increase in the number of micronuclei and multinuclei in areca nut chewers (45, 46). The increased nuclear aberrations due to areca nut have been associated with increased cellular reactive oxygen species and deregulation of actin filaments (47). As expected, we found cells treated with TLE and TLE+LWE showed a higher number of cells with multinuclei and micronuclei. Moreover, there was a significant variation in the size and morphology of the nucleus. Histologically, such variation in size is seen in advanced cancers and is named as anisonucleosis or nuclear pleomorphism (48). Similar nuclear aberrations have also been shown in several clinical reports from the oral epithelial cells of OSCC patients (49).

Next, we selected OSCC-related genes by identifying the top upregulating genes reported in head and neck cancer from the UALCAN portal and performed gene expression analysis in ANE, TLE, and LWE-treated cells. We observed that 13 genes were significantly upregulated on treatment with TLE while only six genes (isg15, ca9, hoxd11, mmp11, adam12, and inhba) were upregulated both in ANE and ANE+LWE treated cells. These genes have been reported previously to be involved in cancer progression (50, 51). The isg15 has been previously reported to show both tumor inhibition by apoptosis (51) and tumor progression (52). While ca9, a cell surface protein, has been linked to cancer and is induced by tissue hypoxia (50), which is one of the important features in areca nut mediated lesion—OSMF and plays an important role in its malignant transformation (53). Another gene, hoxd11, is associated with potentially malignant disorders and their progression to oral cancer (54). Adam 12 has also been shown to regulate cancer cell proliferation and survival (55). We also found that the addition of LWE to ANE and TLE further increased the expression of OSCC genes. Slaked lime has also been reported to favor the carcinogenic effect of betel quid components by altering the environmental conditions (11). The possible mechanism reported includes an increase in inflammation and ROS generation, which in turn affects nucleic acids and other macromolecules (56). Interestingly, several OSCC genes that were upregulated on treatment with TLE, were downregulated on treatment with ANE. However, areca nut is regarded as a carcinogen, a previous study suggest that arecoline in areca nut can inhibit mitochondrial acetyl-CoA acetyltransferase 1 (ACAT1), which in turn can inhibit the cancer pathogenesis (57). The downregulated genes in the ANE and ANE+LWE-treated cells indicate the limited role of areca nuts in cancer onset and progression or it could be inferred that areca nut leads to OSCC through mechanisms different from tobacco. Hence, we also studied the possible molecular pathways that can be involved differently in areca nut, tobacco and lime mediated oral cancer progression.

The pathways that were altered most in all the groups were pathways in cancer, amoebiasis, focal adhesion, ECM-receptor interaction, and PI3K-AKT signaling pathway, compared to untreated cells. These pathways have also previously been reported to be altered in oral cancer (58) and other extraoral cancers like gastric cancer (59, 60) and cervical cancer (61). We found that compared to areca nut, tobacco treatment also leads to the most alteration in focal adhesion. Moreover, the addition of lime to areca nut or tobacco leads to the most alteration in the focal adhesion pathway. The focal adhesion signaling molecules critically regulate cell behavior and impact tumor cell survival (62). The oncogenic focal adhesion proteins contribute to multiple facets of cancer, including increased cell proliferation, resistance to apoptosis, elevated cell motility and invasion, and promotion of angiogenesis (63). The pathways in cancer through several mechanisms have also been reported to cause tissue invasion and metastasis, cell proliferation, evasion of apoptosis, sustained angiogenesis, genomic damage, genomic instability, insensitivity to antigrowth signals, resistance to chemotherapy, immortality, and block of differentiation (64). We also found that compared to areca nut, both tobacco, and lime alter the ECM receptor interaction and PI3K-Akt pathways. The ECM receptor interaction pathway plays an important role in tumor shedding, adhesion, degradation, movement, and hyperplasia (65). PI3K-Akt pathway is an intracellular signal transduction pathway that promotes metabolism, proliferation, cell survival, growth, and angiogenesis in response to extracellular signals (66).

The summary of the results of the current study is shown in Figure 5. The results of the present study indicate that tobacco consumption increases the malignant properties in the cells significantly compared to areca nut. Adjunctive use of tobacco and lime may be an important factor in the onset and progression of OSCC. Moreover, the addition of slaked lime to areca nut and tobacco further upregulates several cancer-related genes, of which pcsk9 and inhba were upregulated the most. Studying these transcripts and proteins can further help understand oral cancer's pathogenesis. Moreover, they may serve as a biomarker for diagnosis, disease severity assessment, or prognosis of OSCC. The results of the current study are limited to the in vitro experimental setup and need to be validated in further clinical observational studies.
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FIGURE 5
 Areca nut, lime, and tobacco modulate the oral cancer progression differentially. Areca nut leads to an increase in apoptosis, while tobacco leads to an increase in nuclear aberrations, indicating that tobacco consumption increases the malignant properties in the cells significantly compared to areca nut. Adding lime to areca nut and tobacco can enhance the expression of OSCC genes (pcsk9, inhba, nell2, adam12, and ca9), where pcsk9 and inhba were common in both groups. Hence, adjunctive use of tobacco and lime may be an important factor in the onset and progression of OSCC. Pink arrows indicate treatment with areca nut, orange arrows treatment with tobacco, green arrows indicate areca nut with limes, and blue arrows indicate tobacco with lime.




Methodology


Preparation of extracts and confirmation of the active ingredients in the extract

Areca nuts (from Areca catechu), dried tobacco leaves (from Nicotiana tabacum), and slaked lime were procured from an authorized dealer in Indore, Madhya Pradesh, India. The authenticity of areca nut and tobacco was confirmed by Dr. Sanjay Vyas, Professor, Plant Taxonomy, Govt. Holkar Science College, Indore. The extracts for areca nut and tobacco leaves were prepared as described previously (67). Briefly, they were ground into a fine powder, and 10 g of each was added to 100 ml of ice-cold deionized distilled water. The mixture was incubated at 4°C for 4 h, followed by centrifugation, and the supernatant was filtered with a 0.22 μm syringe filter. The filtrate was then lyophilized (Alpha 1-2 LDplus, Martin Christ) and stored at −80°C. For all the experiments, a fresh solution of areca nut extract (ANE) and tobacco leaf extract (TLE) was prepared in a concentration of 10 mg/ml each, where the lyophilized powder was suspended in sterile distilled water followed by filtration with 0.22 μm syringe filters. The presence of active ingredients (Arecoline in ANE and Nicotine in TLE) was confirmed by Liquid chromatography- Mass spectrometry (LCMS, Bruker MicrOTOF QII HRMS) as reported previously (67). 10 μl samples were injected, and a flow rate of 0.25 ml/min was maintained. The MS data were collected in centroid mode between m/z 80 and 700 in ESI-positive mode.

A saturated aqueous solution of slaked lime was prepared by adding 20 g lime to 100 ml DMEM and kept on a magnetic stirrer at 4°C for 12 h. The suspension was then centrifuged, and the clear supernatant was filtered with a 0.22 μm syringe filter and then stored at 4°C. The lime water extract (LWE) was directly added to the cell culture media in the required concentration for all the experiments.



Cell line

We are thankful to Prof. Sanjeev Shukla from the Indian Institute of Science Education and Research—Bhopal, India, who kindly provided keratinocyte cells (BICR10). The cells were cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco—11995065) supplemented with 10% fetal bovine serum (FBS, Gibco—10270106) Hydrocortisone (Sigma-Aldrich—H0888) and antibiotics (Penicillin 10000 U/mL and Streptomycin-10,000 μg/mL, 15140122, Gibco) at 37°C and 5% CO2. The seeding density of cells for all the experiments was 2 × 104 cells/cm2. All the experiments were performed in DMEM (Himedia labs—AT063A) with 3.7 g/L Sodium bicarbonate, without FBS. Before treatment with ANE, TLE, and LWE, the cells were acclimatized in DMEM supplemented with low FBS (2.5%) without antibiotics for 12 h.



Cell viability assay

To assess the cell viability, an MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-2H-tetrazolium bromide) assay was performed as reported previously (68). Briefly, the cells were cultured in a 96-well plate and treated with ANE, TLE, and LWE. The concentration for ANE was 0–100 μg/ml, TLE 0–1,000 μg/ml, and LWE 0–20%. After 24 h incubation, the media was discarded, and the 50 μl of MTT (0.5 mg/ml) was added to each well and incubated for 3 h at 37°C in the dark. Further, the MTT was discarded, 100 μl dimethyl sulphoxide (DMSO) was added, and the plate was incubated at room temperature for 2 h on an orbital shaker. The absorbance was recorded at 570 nm and normalized with the absorbance of DMSO. Percentage viability and IC50 were calculated, and the graph was plotted on GraphPad Prism.



Treatment of ANE, TLE, and LWE to the BICR10 cells

For all further experiments, the cells were treated with a sub-cytotoxic dose of ANE (10 μg/ml), TLE (100 μg/ml), and LWE (5%) for 24 h. The treatment strategy included six groups where the cells were treated with ANE, TLE, and LWE alone and a combination of doses (ANE+LWE and TLE+LWE). Untreated cells were considered as controls.



Status of apoptosis and necrosis assessed by EB/AO staining

Ethidium bromide and acridine orange dual staining were performed to assess the status of apoptosis and necrosis in cells treated with ANE, TLE, and LWE for 24 h, as described previously (69). The media was discarded, and the cells were washed with phosphate-buffered saline (PBS). A mixture of acridine orange and ethidium Bromide (Sigma-Aldrich, St. Louis, MO, USA) (100 μg/ml each) was added to the cells and incubated in the dark for 5 min at 37°C followed by washing with PBS. The cells were visualized for fluorescence, and images were acquired (Olympus IX83, Olympus, Tokyo, Japan). The nuclei of cells that appeared green were considered to be alive, yellow to orange were considered to be apoptotic, and red was considered to be necrotic (70). The analysis was performed by cell counting after setting a color threshold (green—live, yellow to orange—apoptotic, and red—necrotic) on the cellSens Dimension imaging software (Olympus, Tokyo, Japan). The cells lying in either of the color ranges were counted automatically using the software.



Genomic instability assay

The treated cells were washed and fixed using 4% paraformaldehyde (PFA) for 30 min at room temperature. The cells were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 1 h at room temperature and washed with PBS. The cells were visualized for fluorescence, and images were acquired (Olympus IX83, Olympus, Tokyo, Japan). The percentage of cells with micronuclei and multinuclei were counted in at least five fields of view in each of the three biological replicates. The area of the nucleus in the two-dimensional images was also evaluated on ImageJ software to assess the variation in the size of the nucleus after treatment (71).



Expression of mRNA by qRTPCR

The relative mRNA expression profile of apoptotic genes and OSCC genes was performed as described previously (72). Total RNA was isolated using Ribozol reagent (VWR™ Cat No. N580) as per the manufacturer's instruction. The cDNA synthesis was performed using the PrimeScript 1st strand cDNA Synthesis Kit (Takara, Cat No. RR820Q). The top twenty-five upregulating genes related to head and neck squamous cell carcinoma were identified from the TCGA gene database on the UALCAN portal (The University of Alabama at Birmingham Cancer Data Analysis Portal, https://ualcan.path.uab.edu). The gene identified as OSCC genes were ca9, mmp11, inhba, mmp9, hoxd11, mmp12, adam12, lamc2, hoxb7, isg15, postn, aim2, cdkn2a, mmp1, pthlh, tgfbi, col5a2, tm4sf19, col5a1, col1a1, nell2, mmp3, fn1, ifi6, and pcsk9. Three other genes (anxa4, flna, and spp1) reported altered in OSCC were also included (73–75). The apoptotic genes included were fadd, apaf1, bid, noxa, bim and bax. The list of primers is shown in Supplementary Table S1. The genes were amplified on AriaMx Real-Time PCR System (Agilent Technologies 5301 Stevens Creek Blvd Santa Clara, CA 95051 USA) using 18sRNA as the housekeeping gene. The relative expression was calculated using a previously reported method (76).



Western blot

Expression of RIPK1 was assessed using a western blot, as reported previously (77). Briefly, total protein was isolated using Radio-Immunoprecipitation Assay (RIPA) buffer. SDS PAGE was performed to separate the proteins, then transferred to a nitrocellulose membrane. Bovine serum albumin (BSA) and antibodies were diluted in TBST (Tris 0.05 M, pH 7.4 NaCl 0.15 M, 0.05% Tween 20). The blocking was performed using 4.5% BSA for 1 h. The membranes were incubated at 4°C with the primary antibody—RIPK1 (Catalog number 3493, Cell Signaling Technology, Danvers, USA) overnight. After washing with TBST, a secondary antibody tagged with horseradish peroxidase was added and incubated for 40 min. The membranes were developed using Enhanced Chemiluminescence (ECL) substrates (Clarity Western ECL Substrate, Bio-Rad). The visualization and imaging were performed on Gel Doc XR + Gel documentation system (Bio-Rad). The protein level was normalized against the Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression level.



Data analysis and pathway analysis

All the data was represented as mean and standard error of the mean. The data analysis was performed using GraphPad Prism (Version 7.04, GraphPad Software, Inc.). The Student's unpaired t-test (two-tailed) was performed to determine the difference between the two groups. Mann-Whitney U test was used as an alternative to Student's unpaired t-test when the data was not found to be normally distributed. One-way ANOVA was used to determine differences between all six groups. Kruskal Wallis test was used as a non-parametric alternative to ANOVA when the data was not found to be normally distributed. The analysis of the relative gene expression was performed, and the heat maps were plotted using MetaboAnalyst 5.0 (www.metaboanalyst.ca) (78). Correlation analysis was performed on the clustering of genes to study the magnitude of the relation between them. The expression profile was also subjected to pathway enrichment on ExpressAnalyst (www.expressanalyst.ca) (79). The level of significance was considered to be 5% for all the analyses.
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