

  oral-01-00013




oral-01-00013







Oral 2021, 1(2), 122-138; doi:10.3390/oral1020013




Article



A Cross-Sectional Study of Bitter-Taste Receptor Genotypes, Oral Health, and Markers of Oral Inflammation



Kiranjit Kaur 1, Alexandria Turner 1, Patrice Jones 1, Dean Sculley 2, Martin Veysey 3, Mark Lucock 1, Janet Wallace 4,5 and Emma L. Beckett 1,6,7,*





1



School of Environmental and Life Sciences, The University of Newcastle, Ourimbah, NSW 2258, Australia






2



School of Biomedical Sciences & Pharmacy, The University of Newcastle, Ourimbah, NSW 2258, Australia






3



School of Medicine & Public Health, The University of Newcastle, Ourimbah, NSW 2258, Australia






4



School of Dentistry, Faculty of Medicine and Health, The University of Sydney, Westmead, NSW 2145, Australia






5



School of Health Sciences, The University of Newcastle, Ourimbah, NSW 2258, Australia






6



Hunter Medical Research Institute, New Lambton Heights, NSW 2305, Australia






7



Priority Research Centre for Physical Activity and Nutrition, The University of Newcastle, Callaghan, NSW 2308, Australia









*



Correspondence: emma.beckett@newcastle.edu.au







Citation: Kaur, K.; Turner, A.; Jones, P.; Sculley, D.; Veysey, M.; Lucock, M.; Wallace, J.; Beckett, E.L. A Cross-Sectional Study of Bitter-Taste Receptor Genotypes, Oral Health, and Markers of Oral Inflammation. Oral 2021, 1, 122–138. https://doi.org/10.3390/oral1020013



Academic Editor: Michele D’Attilio



Received: 1 April 2021 / Accepted: 14 May 2021 / Published: 18 May 2021



Abstract


(1) Background: The aetiology of oral disease is multifactorial, involving genetic and environmental factors, including dietary ones. Bitter taste genetics may be related to oral health through dietary modulation or non-gustatory roles, including modulation of inflammation. Investigations of bitter taste and oral health associations to date have been restricted to specific polymorphisms, limited outcomes (caries), and age-groups (children), and links to inflammation remain to be elucidated. (2) Methods: A cross-sectional study (n = 65) investigated the correlations between bitter taste genotypes, oral health outcomes, and oral inflammation markers. Oral examinations were conducted, including saliva testing with evaluation of flow rate, pH, and buffering and antioxidant capacity (FRAP) and IL-1β, TNF-α, IL-6 levels. DNA was collected via buccal swabs and used to evaluate the presence of multiple bitter-taste receptor gene polymorphisms. (3) Results: The major allele for TAS2R4-rs2233998, TAS2R5-rs2227264, TAS2R50-rs1376251, and TAS2R9-rs3741845 was associated with a higher mean of unstimulated salivary flow rate, FRAP, TNF-α, IL-1β, and likelihood of filled teeth. Presence of the major allele for TAS2R4-rs2234001 and TAS2R9-rs3741845 was associated with lower means FRAP, TNF-α, IL-1β, DMFT index, and likelihood of missing teeth. (4) Conclusions: These findings suggest relationships between bitter-taste genotypes, oral health outcomes, and inflammatory markers. These findings justify the need for further studies that could help identify risk groups and develop novel agents for maintaining oral health.
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1. Introduction


Oral health is a growing public health concern worldwide [1]. In 2017, 3.60 billion people were affected globally by chronic oral conditions, including untreated dental caries, periodontal disease, and complete tooth loss [2]. Oral diseases are also highly prevalent in Australia, contributing up to 2.3% of the total health burden in 2015 [3]. Poor oral health may also impact general well-being [4]. The consequences of chronic, untreated oral diseases include pain, discomfort, and tooth loss, which impact quality of life [5,6]. Loss of functionality associated with tooth loss has also been associated with poor diet quality and compromised nutritional intake [7]. Oral inflammatory diseases, including periodontal disease, are potential risk factors for chronic systemic diseases, including diabetes, pregnancy-related complications, rheumatoid arthritis, dementia, and cardiovascular diseases [8,9,10,11,12,13]. Oral diseases are multifactorial [14,15,16], involving the interplay of host-immune responses and numerous environmental factors, such as type of microorganisms, dietary and oral hygiene habits, physical and chemical changes in saliva, and genetics [17,18,19,20,21,22,23]. Variation in taste genetics may be involved in the modulation of both dietary factors and inflammatory response [24]. To date, research investigating links between oral diseases and bitter taste receptor genotypes have been limited to specific single-nucleotide polymorphisms (SNPs) associated with bitter-taste genes and dental caries [17,25]. A large study conducted in the United States involving both children and adults found that caries protection was linked to polymorphisms in the TAS2R38 gene in primary dentition only [17]. A case-control study of Turkish adults (n = 154) that examined multiple gene-environment interactions in the aetiology of dental caries found that polymorphisms in TAS2R38 genes were associated with dental caries risk in the presence of certain environmental factors [25]. Moreover, children who were 6-n-propylthiouracil (PROP) non-tasters were more prone to dental caries than tasters [26,27,28]. However, these investigations were confined to dental caries and did not assess salivary inflammatory mediators, with research restricted to specific populations/groups.



A variety of studies, including human, animal, and cell culture studies, have examined the role of taste receptors in innate immunity [29,30,31,32,33,34,35,36,37,38,39,40]. A study investigating the effects of TAS2R activation on leukocyte function found that bitter agonists such as chloroquine and denatonium were associated with inhibition of release of certain lipopolysaccharide-induced inflammatory mediators in 12 Swedish adults with asthma [29]. Moreover, in humans, genitourinary bitter-taste receptors may also play an important role in preventing genital and urinary infection by activation of anti-inflammatory pathways [30]. In murine models, where many bitter-taste receptors have human orthologs, bitter-taste receptors are present in sinonasal solitary chemosensory cells. In these cells, bitter-taste receptors are activated by acyl-homoserine lactones (AHLs) produced by gram-negative bacteria or the bitter agonist, denatonium. Receptor activation via these compounds was associated with inflammatory mediator release influenced by acetylcholine [31,32]. Furthermore, a study using two different murine models of asthma demonstrated that bitter-taste receptor agonists, including chloroquine and quinine, were associated with anti-inflammatory activity in the lungs [33]. Moreover, a murine study involving C57BL/6N mice with dietary-induced obesity showed that chronic treatment using a bitter agonist KDT501 targeting TAS2R108 induced broad suppression of pro-inflammatory cytokines and chemokines along with other metabolic changes [34].



Collectively, these studies suggest that local innate immune responses mediated by extra-oral taste receptors usually involve either the production of calcium-dependent nitric oxide, which induces microbicidal effects or the activation of anti-inflammatory pathways [30,35,36]. However, the research remains limited, with no data on bitter-taste receptors and oral innate immunity. A cell culture study investigating the TAS2R38 genotype in gingival epithelial cells concluded that secretion of IL-1α and IL-8 were genotype-specific [37]. Likewise, a very recent cell culture study involving TAS2R43 and TAS2R50 taste genotypes and artificial bitter compounds demonstrated that the TAS2R50 genotype was associated with the IL-6 targeting pathway in human gingival cells [38]. Furthermore, another recent cell culture study concluded that knockdown of the TAS2R14 might alter the secretion of IL-6, IL-8, and TNF-α in gingival epithelial cells [39]. An animal study involving TNF knockout mice and wild-type control mice (C57BL/6) found that TNF modulated bitter-taste response [40]. However, these studies were restricted to examining the role of certain host-pathogen interactions and used artificial bitter compounds and were restricted to cell-culture and animal models.



To our knowledge, there are no human cohort studies investigating relationships between polymorphisms in bitter-taste genes and inflammatory mediators associated with oral outcomes. Furthermore, the relationships between bitter-taste genotypes and oral health outcomes other than dental caries and inflammatory markers of oral health remain to be fully elucidated. A better understanding of these relationships might assist in the development of novel therapeutic aids by targeting associated inflammatory pathways in treating oral diseases. Therefore, in this current study, we assessed the relationship between bitter-taste genotypes, oral health outcomes, and markers of oral health, including physical and chemical properties of saliva and inflammatory mediators. This study utilises a cross-sectional cohort.




2. Materials and Methods


2.1. Study Design and Ethics Approval


A cross-sectional study was conducted, approved by the Human Research Ethics Committee (HREC), University of Newcastle, Australia (approval number H-2019-0200). All participants provided written informed consent.




2.2. Study Population and Participant Recruitment


The study population was adults undergoing routine dental checks or care. The participants were recruited from general oral health clinic patients at the University of Newcastle, Central Coast Campus. The inclusion criteria for recruitment included being 18 years of age or over. Those who had taken any antibiotics in the last six months were excluded from the study. Participants were asked not to eat or drink anything for at least half an hour prior to sample collection.




2.3. Questionnaires


Participants completed a questionnaire with questions on demographics, including age, sex, education level, household income, height, weight (used to calculate body mass index (BMI) using the equation weight (kg)/height (m)2), and smoking history. Self-reported dietary habits were also evaluated using a previously validated short dietary questionnaire [41]. Each question in the dietary questionnaire had 3 options, with the healthiest choice scored as 3 and the least healthy choice scored as 1; scores were added to calculate the dietary index, with the maximum score available being 24.




2.4. Sample Collection and Processing


Sample collection was conducted before commencing any clinical procedure. A buccal swab sample was collected using an Isohelix SK-1S buccal swab by rubbing the inside of the cheek for 1 min as per the manufacturer’s instructions (Isohelix DNA buccal swabs, Cell projects, Kent, UK) [42]. Resting unstimulated, whole saliva samples were collected for 5 min via the passive drool method using cryovial tubes 2 mL (5004.06) and Saliva Collection Aid (SCA) 5016.02 as per user’s guide by Salimetrics (Salimetrics, LLC, Carlsbad, CA, USA) [43]. All samples were collected by the oral health therapy students in the oral health clinic at the University of Newcastle, Central Coast Campus, using standardised protocols. Saliva samples were discarded and repeated if they were contaminated or discoloured, indicating the presence of blood. The samples were stored on ice and transported to the adjacent lab within 2 h of sample collection. Buccal samples were stored at −80 °C until further analysis. Saliva samples were processed by vortexing and centrifuging at 1500× g for 15 min at room temperature [44]. The processed samples were aliquoted in Eppendorf tubes and stored at −80 °C for further analysis.




2.5. Saliva Testing and Oral Examination


Clinical saliva testing was conducted to check the quality, pH, and buffering capacity of both unstimulated and stimulated saliva using a commercial Saliva-check Buffer kit (GC Corporation) [45]. A complete oral examination for both hard and soft tissues as per the University of Newcastle oral health clinic’s clinical guidelines, Central Coast. DMFT (decayed, missing, and filled permanent teeth) index was calculated from the clinical charting using WHO’s modification of DMFT Index [46]. The number of individual decayed, missing, and filled teeth were also calculated. Periodontal tissues were assessed using periodontal screening, and perio-charting protocols and periodontal diagnosis were made according to the highest PSR (periodontal screening and recording) score in any sextant [47,48].



Small (50 μL–150 μL) volumes of processed saliva were aliquoted for salivary analysis, avoiding repeated freezing-thawing cycles. The salivary flow rate of unstimulated saliva was calculated by weighing the cryovials before and after the saliva collection and expressed as mL/min [21]. The total antioxidant capacity (TAC) of saliva was calculated using a previously validated FRAP (Ferric reducing antioxidant power) assay [20,49]. Inflammatory markers, including salivary IL-1β, were measured using Salimetrics IL-1β ELISA kit (Salimetrics, LLC, cat. no. 1–3902) as per manufacturer’s instructions [50]; salivary TNF-α and IL-6 were measured using Quantikine® HS Human TNF-α and IL-6 ELISA (Enzyme-linked immunosorbent assay) kits as per the user’s guidelines provided with the kits (R&D Systems, Inc., Minneapolis, MN, USA).




2.6. Genotyping


DNA was extracted from frozen buccal swabs using Xtreme DNA kits following the manufacturer’s instructions (Isohelix DNA buccal swabs, Cell projects, Kent, UK) [51]. The DNA samples were stored at −20 °C before genotyping. Genotyping was completed via qPCR (QuantStudio 7 Flex Real-Time PCR) with TaqMan SNP Genotyping assays (Applied Biosystems™, Thermo-Fisher Scientific, Waltham, MA, USA) and TaqMan™ Genotyping Master mix as per the TaqMan™ user’s guide [52,53]. Complete genotyping was a mandatory inclusion criterion for this study.




2.7. Statistical Analysis


Statistical analyses were completed using JMP (Pro 14.2.0, SAS Institute Inc., Cary, NC, USA) and GraphPad prism (v9.0, GraphPad Software Inc., San Diego, CA, USA). Age, BMI, dietary index, and oral health outcomes (including DMFT index, individual number of dental caries, missing and filled teeth, and highest PSR score and salivary biomarkers such as salivary flow rate, FRAP value, TNF-α, IL-6, and IL-1β concentrations) were treated as continuous variables and reported as the minimum and maximum ranges, means, and standard deviations (SD) with 95% confidence intervals as appropriate. Sex, household income, education, smoking status, clinical markers of oral health, and genotypes (presence or absence of the major allele) were treated as categorical variables and reported as numbers and percentage. Bitter-taste genotypes were combined to examine the presence vs absence of the major allele according to the TOPMED database. Genotypes were modelled together for all analyses and adjusted for the presence of other variants. The continuous outcomes were presented as adjusted least-squares means, with 95% confidence intervals and p-values obtained from student t-tests. Categorical outcomes were assessed using nominal logistic regression, and χ2 and p-values are presented. All analyses were adjusted for potential confounders as these may affect the oral health outcomes, including age, sex, income, education, smoking status, and dietary index score [54,55,56,57,58,59]. The p-value threshold for significance was 0.05.





3. Results


3.1. Descriptive Statistics


A total of 65 participants provided written consent and completed the study. For genotyping, a total of 63 participants were included in the analysis as 2 samples were discarded due to labelling error. Participants were aged between 20–84 years (mean = 36.72 ± 15.17; Table 1), and the majority (91%) were female. The mean BMI score of participants was (24.25 ± 5.89; Table 1). The dietary index distribution was slightly skewed (mean = 17.97 ± 2.18; Table 1).



About a third of the participants reported an income of $20,000–$60,000 and a TAFE or technical qualification level education (Table 2). Due to a small number of responses in $60,000–$80,000, $80,000–$100,000, and higher income brackets, categories were collapsed to $60,000–$100,000 and >$100,000 for analysis. Similarly, categories for education level, including primary school, year 10, and year 12 or equivalent, were merged to one category ≤year 12 or equivalent for analysis. The majority of the participants never smoked and had normal BMI (calculated from weight and height; Table 2). Due to the small number of smoking status responses, categories were also collapsed into “never” and “ever” groups, with ever including those who currently smoke and those who formerly smoked (Table 2).



Six bitter-taste genetic variants were assessed. The minor allele frequency (MAF) TOPMED and the allelic frequencies of these genetic variants in the study population are shown in Table 3.



The mean values for the outcome variables were: FRAP value, 0.76 ± 0.24 μmoles/L; TNF-α, 3.67 ± 5.03 pg/mL; IL-1β, 12.28 ± 13.34 pg/mL, and IL-6, 0.68 ± 1.22 pg/mL (Table 4). The mean salivary flow rate (unstimulated saliva) was 0.28 ± 0.22 mL/min. The mean DMFT score was 7.23 ± 7.22; the mean values for dental caries, missing teeth, and filled teeth were 0.66 ± 1.76, 2.82 ± 4.28 and 3.80 ± 4.41, respectively, Table 4. The distribution of the highest PSR score was normal (mean = 1.87 ± 0.97, Table 4).



The analyses of clinical salivary biomarkers of oral health showed that the majority of the participants had high saliva flow rate (resting) or hydration (visual assessment of saliva production), i.e., <30 s, watery/clear saliva, and healthy pH for resting saliva (6.8–7.8; Table 5); a total of 86% of the participants had healthy saliva (pH = 6.8–7.8), and 92% of the participants produced >5 mL of saliva upon stimulation (Table 2). The buffering capacity of saliva was also normal (10–12 points; Table 5). Several categories were collapsed due to the smaller number of participants in each group for clinical salivary biomarkers.



The oral health outcomes evaluated from DMFT index and PSR/Perio-charting scores were also categorised into binary groups as presence vs. absence of disease. A total of 83.61% of the participants had no dental caries, 55% had one or more missing teeth, and 73.77% had one or more filled teeth (Table 5). About 91.53% of the participants had any periodontal disease, including gingivitis (localised or generalised) and periodontitis (acute or chronic and mild, moderate, or severe); Table 5.




3.2. Relationships between Bitter-Taste Genotypes and Oral Health Outcomes


Only the TAS2R4-rs2234001 polymorphism was associated with DMFT index (p = 0.051); those with the major allele had lower DMFT index (Table 6). Results did not remain significant when adjusted for age, sex, income, education, smoking status, and dietary index for any bitter-taste receptor genotype. No significant associations were found between other bitter-taste receptor genotypes and the DMFT index. No significant associations were found between bitter-taste receptor gene polymorphisms and the reported number of dental caries (Table 6). No changes in the results were observed when adjusted for age, sex, income, education, and smoking status. Results also did not vary when the dietary index was added to the adjustment model.



Those with the homozygous minor allele (AA) for the TAS2R9-rs3741845 polymorphism had a higher number of missing teeth than those with the major allele (p = 0.025; Table 6). The results did not remain significant (p = 0.06) when adjusted for age, sex, income, education, and smoking status. However, results remained significant when the dietary index was added to the adjustment model (see Supplementary Material, Figure S1B). No significant results were observed between other bitter-taste receptor genotypes and missing teeth in unadjusted models. However, following adjustments for age, sex, income, education, and smoking status, a significant association was found between the TAS2R4-rs2233998 polymorphism (p = 0.028). Those with the major allele had a higher mean score for missing teeth than those with the homozygous minor allele (Figure S1A). No significant result was found (p = 0.07) when adjustment for the dietary index was added to the adjustment model.



The significant associations were only observed for those with the TAS2R4-rs2234001 polymorphism; a higher mean value for filled teeth was observed than those with the major allele (p = 0.005, Table 6), and results did not vary when adjusted for the potential confounders (Figure S2A,B; respectively). No associations were seen between the highest PSR scores and bitter-taste receptor genotypes (Table 6). The results did not vary when adjusted for age, sex, income, education, and smoking status. No changes were observed when the dietary index was incorporated in the adjustment model.




3.3. Relationships between Bitter-Taste Receptor Genotypes and Clinical Markers of Oral Health


Analyses did not show any correlations between bitter-taste receptor genotypes and clinical markers of oral health, including hydration, the viscosity of saliva, pH of resting and stimulated saliva, the quantity of stimulated saliva, and buffering capacity of saliva (Table 7). The results did not vary when adjustments were applied for age, sex, income, education, smoking status, and dietary index.



The unstimulated salivary flow rate was significantly correlated with the TAS2R9-rs3741845 polymorphism; those with the major allele had a higher unstimulated salivary flow rate than those with the homozygous minor allele (p = 0.033; Figure 1D). The results did not vary when adjusted for age, sex, income, education, and smoking status (p = 0.05; Figure S3A). However, following adjustments with the dietary index, these results were no longer significant (p = 0.059). No other significant associations were observed between unstimulated salivary flow rate and the other bitter-taste receptor genotypes in unadjusted models (Figure 3). However, a significant association was observed between the TAS2R50-rs1376251 polymorphism and unstimulated salivary flow rate; when adjusted for age, sex, income, education, and smoking status, those with the major allele had a higher unstimulated salivary flow rate than those with the homozygous minor allele (p = 0.049; Figure S3B). Results did not remain significant when the dietary index was added to the adjustment model (p = 0.06).




3.4. Relationships between Bitter-Taste Receptor Genotypes and Salivary Inflammatory Mediators


Participants carrying the major allele for the TAS2R4-rs2234001 polymorphism had significantly lower FRAP values than those with the homozygous minor allele (p = 0.006; Figure 2B). Those with the major allele present for the TAS2R5-rs2227264 and the TAS2R50-rs1376251 polymorphism had significantly higher FRAP values (p = 0.003, p = 0.004, respectively; Figure 2C,F, respectively). Results remained significant when adjusted for age, sex, income, education, and smoking status (Figure S4A). No changes in the results were reported when the dietary index was added to the adjustment model (Figure S4B).



Participants with the major allele for the TAS2R4-rs2234001 polymorphism had significantly lower concentrations of TNF-α than those with the homozygous minor allele (p < 0.0001; Figure 3B). Significantly higher concentrations of TNF-α were observed in those with the major allele for the TAS2R5-rs2227264 (p < 0.0001; Figure 3C). The results did not vary when adjusted for age, sex, education, income, and smoking status both without and with the dietary index (Figure S5A,B).



Higher concentrations of IL-1β were significantly associated with the homozygous minor allele for the TAS2R4-rs2234001 polymorphisms, and the presence of the major allele for the TAS2R5-rs2227264 polymorphism was significantly associated with higher concentrations of IL-1β (p = 0.023, p = 0.017, respectively; Figure 4B,C, respectively). These associations did not remain significant when adjusted for potential confounders.



No significant associations were observed between bitter-taste receptor genotypes and concentrations of IL-6 in the unadjusted models (Figure 5). Results did not vary when adjusted for age, sex, income, education, and smoking status. No changes were observed when adjustment for dietary index was applied to the model.





4. Discussion


This study is the first to concurrently investigate multiple bitter-taste receptor genotypes related to oral health outcomes and inflammatory mediators. The presence of the major allele was related to increased inflammation and other outcomes for some genotypes, while outcomes were decreased in other genotypes. The presence of the major alleles in bitter-taste receptor genotypes, including TAS2R4-rs2233998, TAS2R5-rs2227264, TAS2R50-rs1376251, and TAS2R9-rs3741845, were associated with increased FRAP values, TNF-α, IL-1β, unstimulated salivary flow rate, and the number of filled teeth. By contrast, the major alleles of TAS2R4-rs2234001 and TAS2R9-rs3741845 were associated with decreased FRAP, TNF-α, IL-1β, number of missing teeth, and DMFT index.



Carriers of the major G allele within the TAS2R4-rs2234001 genotype had lower TNF-α and IL-1β concentrations. On the other hand, the presence of the major G allele for the TAS2R5-rs2227264 genotype was associated with higher concentrations of TNF-α and IL-β. These significant associations may suggest relevance for bitter-taste receptor genotype in the modulation of innate immunity and inflammatory pathways [29,30,34,37,38,39]. Moreover, the bitter agonist, epicatechin (detected by TAS2R4-rs2234001 and TAS2R5-rs2227264 [53]), may be associated with the modulation of inflammatory pathways [60]. However, further studies are needed to evaluate these associations in oral inflammation. Furthermore, our finding of no significant associations between any inflammatory mediator and TAS2R38 in this cohort agrees with a previous study suggesting TAS2R38 activation did not result in cytokine secretion in the upper respiratory epithelium [61]. Those with the major G allele within the TAS2R4-rs2234001 genotype had lower FRAP concentrations. The reduced total antioxidant capacity of saliva may also be associated with dental caries, which may be due to the increased collection of neutrophils and monocytes in response to pathogenic bacteria followed by accumulation of reactive oxygen species intensification of oxidative stress [62]. Therefore, these associations may be due to the possible role of taste genotypes in innate immunity similar to upper respiratory epithelium [63]. However, the research remains limited with no data regarding the possible role of bitter-taste receptor genotypes in oral innate immunity and possible interactions with the salivary microbiome and the metabolites produced. Moreover, the total antioxidant capacity of saliva can be influenced by numerous factors, including diet and sex [64,65]. Females had lower TAC indicative of hormonal changes [65]. Furthermore, higher FRAP values were related to the presence of the major allele for the TAS2R50-rs1376251 and TAS2R5-rs2227264 genes. These interactions could be due to the potential roles of bitter-taste genes in the regulation of innate immunity and downregulation of inflammatory pathways, but research remains limited. Moreover, increased secretion of unstimulated saliva and inflammatory mediators has been associated with severity of gingival diseases, poor oral hygiene, and development of periodontal disease [66,67,68,69].



The current study found no significant associations between bitter-taste receptor genotypes, clinical salivary markers, and periodontal disease except for unstimulated salivary flow rate. This might be due to the smaller sample size and the examined individuals having good overall health and healthy saliva. The significant correlations between the TAS2R9-rs3741845 and TAS2R50-rs1376251 genotype and the higher unstimulated salivary flow rate found in this cohort might suggest possible roles of TAS2R9 and TAS2R50 genotype in modulating inflammatory pathways, as increased salivary flow is associated with increased inflammation and poor oral hygiene [66]. However, to our knowledge, there are no data to support these possible interactions. Moreover, the salivary flow rate can also be influenced by dietary changes [70]. Thus, changes in dietary factors influenced by genetic variation in taste preferences can also affect the salivary flow rate. Therefore, future studies considering these possible interactions are indicated to understand these associations better.



The presence of major allele for bitter-taste receptor genotypes, including TAS2R4-rs2234001, TAS2R4-rs2233998, and TAS2R9-rs3741845, was associated with DMFT index, the number of filled and missing teeth. These associations might suggest the links between dental caries and bitter taste receptor genotypes as DMFT index, filled and missing teeth, indicate both current and past caries experience [71]. These results support the findings of a previous study stating the links between bitter-taste genes and dental caries; however, the associated SNPs were different to those examined in this study [17]. Moreover, no significant associations were found between TAS2R38 genes and dental caries or any indicator of current/past dental caries experience in this study, unlike the previous research [17]. These associations might be because the present study involved a younger adult cohort and used a multifactorial analysis responsible for the differences in outcomes. Further studies are needed with a larger cohort of older adults to investigate these associations. In prior studies, TAS2R4-rs2234001 and TAS2R9-rs3741845 genotypes were associated with the bitter perception of artificial, non-nutritive sweeteners such as Stevia Acesulfame-K, respectively [72,73], and it has also been found that the artificial sweeteners do not cause dental caries in laboratory experiments [74]. Thus, the associations between the TAS2R4-rs2234001 and higher likelihood of filled teeth could be due to increased bitter perception and dislike for non-nutritive sweeteners and, therefore, avoidance of these substances. However, the correlation between the TAS2R9-rs3741845 genotype and lower number of missing teeth cannot be explained by the same logic. Thus, further studies are needed with a temporal element and dietary habits to explore these relationships. Future studies involving larger cohorts are also needed to define the actual link between bitter-taste receptor genotype and dental caries. Moreover, the research has shown that unstimulated salivary flow rate and inflammatory mediators, including FRAP value, TNF-α, IL-6, and IL-1β concentrations, associate with oral diseases, including dental caries and periodontal disease [66,75,76,77,78,79,80,81]. Therefore, the role of inflammation in oral diseases and interaction with bitter-taste receptor genotype and agonists require further study similar to the previous cell culture studies [38,39].



The study’s cross-sectional design allowed randomised recruitment of participants in the study, which is a strength of the study. Also, unstimulated whole saliva samples were collected using the passive drool method, a better representative of biomarkers in saliva than the stimulated samples or other saliva collection methods [82,83]. However, due to COVID-19, social distancing, and a mandatory mouthwash-use protocol for all patients attending the oral clinic, recruitment was disrupted. Thus, small sample size is a limitation of this study. Moreover, most participants were female, and BMI distribution was normal, which might not be truly representative of the general Australian population. However, the data still help inform and rationalise future studies with a more representative sample of the general population with a balanced distribution of gender and BMI.




5. Conclusions


This study is the first to examine the relationships between bitter-taste receptor genotype, oral health outcomes, and inflammatory markers of oral health. Results show that limited associations were found between the bitter-taste receptor genotypes and oral health outcomes, and salivary biomarkers. Nevertheless, there were significant correlations between the bitter-taste receptor genotypes and markers of oral inflammation. These might be due to the recruitment of a relatively younger and overall healthy cohort. Most oral inflammatory diseases, including periodontal disease, manifest at later life stages and with increased severity. Therefore, this study should be repeated with an elderly cohort to address this question. Although the current results may indicate the possible risk/or protective action of the bitter genotypes against oral diseases, this cannot be determined based on the findings of this study. Future longitudinal studies with larger cohorts and a temporal element are needed to study these relationships extensively. Also, therapeutic aids for blocking the inflammatory mediators have been proposed to prevent periodontal disease [81]. Thus, future studies are recommended to study the link between bitter-taste receptor genotypes and oral inflammatory mediators to identifying the population/groups at risk for certain diseases and develop novel therapeutic aids targeting oral inflammatory diseases, including periodontal disease.
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The following are available online at https://www.mdpi.com/article/10.3390/oral1020013/s1. Figure S1. Relationship between bitter taste genotypes and missing teeth, Least-square adjusted means for (A) age, sex, income, education, and smoking status (B) Age, sex, income, education, smoking status and the dietary index; Significant p-values are represented as asterisks * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, **** ≤ 0.0001 and ns-non-significant; Error bars mark 95% confidence intervals. Figure S2. Relationship between bitter taste genotypes and Filled teeth, Least-square adjusted means for (A) age, sex, income, education, and smoking status (B) age, sex, income, education, smoking status and the dietary index; Significant p-values are represented as asterisks ** ≤ 0.01, Error bars mark 95% confidence intervals. Figure S3. Relationship between bitter taste genotypes and salivary flow rate (mL/min), Least-square adjusted means (age, sex, income, education, and smoking status); (A) TAS2R9-rs3741845 (B) TAS2R50-rs1376251 Significant p-values are represented as asterisks * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, **** ≤ 0.0001 and ns-non-significant; Error bars mark 95% confidence intervals. Figure S4. Relationship between bitter taste genotypes and FRAP (μmoles/L), Least-square adjusted means (age, sex, income, education, and smoking status) (A) TAS2R4-rs2234001, (B) TAS2R5-rs2227264, (C) TAS2R50-rs1376251. Least-square adjusted means (age, sex, income, education, smoking status and the dietary index) (D) TAS2R4-rs2234001,) (E) TAS2R5-rs2227264,) (F) TAS2R50-rs1376251. Significant p-values are represented as asterisks * ≤ 0.05, ** ≤ 0.01; Error bars mark 95% confidence intervals. Figure S5. Relationship between bitter taste genotypes and TNF-α (pg/mL), Least-square adjusted means (age, sex, income, education, and smoking status) (A) TAS2R4-rs2234001, (B) TAS2R5-rs2227264. Least-square adjusted means (age, sex, income, education, smoking status and the dietary index) (C) TAS2R4-rs2234001, (D) TAS2R5-rs2227264; Significant p-values are represented as asterisks **** ≤ 0.0001; Error bars mark 95% confidence intervals.
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Figure 1. Relationship between bitter-taste receptor genotypes and salivary flow rate (mL/min), unadjusted means (A) TAS2R4-rs2233998, (B) TAS2R4-rs2234001, (C) TAS2R5-rs2227264, (D) TAS2R9-rs3741845, (E) TAS2R38-rs713598, (F) TAS2R50-rs1376251; Salivary flow a, Unstimulated salivary flow rate; Significant p-values are represented as asterisks * ≤ 0.05, and ns (non-significant); Error bars mark 95% confidence intervals. 
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Figure 2. Relationship between bitter-taste receptor genotypes and FRAP values (μmoles/L), unadjusted means (A) TAS2R4-rs2233998, (B) TAS2R4-rs2234001, (C) TAS2R5-rs2227264, (D) TAS2R9-rs3741845, (E) TAS2R38-rs713598, (F) TAS2R50-rs1376251; Significant p-values are represented as asterisks ** ≤ 0.01, *** ≤ 0.001, and ns (non-significant); Error bars mark 95% confidence intervals. 
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Figure 3. Relationship between bitter-taste receptor genotypes and TNF-α (pg/mL), unadjusted means (A) TAS2R4-rs2233998, (B) TAS2R4-rs2234001, (C) TAS2R5-rs2227264, (D) TAS2R9-rs3741845, (E) TAS2R38-rs713598, (F) TAS2R50-rs1376251; Significant p-values are represented as asterisks **** ≤ 0.0001, and ns (non-significant); Error bars mark 95% confidence intervals. 
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Figure 4. Relationship between bitter-taste receptor genotypes and IL-1β (pg/mL), unadjusted means (A) TAS2R4-rs2233998, (B) TAS2R4-rs2234001, (C) TAS2R5-rs2227264, (D) TAS2R9-rs3741845, (E) TAS2R38-rs713598, (F) TAS2R50-rs1376251; Significant p-values are represented as asterisks * ≤ 0.05, and ns (non-significant); Error bars mark 95% confidence intervals. 
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Figure 5. Relationship between bitter-taste receptor genotypes and IL-6 (pg/mL), unadjusted means (A) TAS2R4-rs2233998, (B) TAS2R4-rs2234001, (C) TAS2R5-rs2227264, (D) TAS2R9-rs3741845, (E) TAS2R38-rs713598, (F) TAS2R50-rs1376251; Non-significant p-values are represented as ns (non-significant); Error bars mark 95% confidence intervals. 
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Table 1. Distribution of continuous variables (n = 65).






Table 1. Distribution of continuous variables (n = 65).





	Variables
	Distribution (Mean ± SD)





	Age (years)
	36.72 ± 15.17



	Body mass index (BMI)
	24.25 ± 5.89



	Dietary index
	17.97 ± 2.18










 





Table 2. Distribution of categorical variables (n = 65).
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	Variable
	Distribution (n, %)





	Sex
	



	Females
	59 (90.77%)



	Males
	6 (9.23%)



	Income
	



	<$20,000
	18 (30.00%)



	$20,000–$60,000
	20 (33.33%)



	$60,000–$100,000
	9 (15.00%)



	>$100,000
	13 (21.67%)



	Education
	



	≤Year 12 or equivalent
	16 (26.23%)



	Bachelor’s degree
	18 (29.51%)



	TAFE or technical qualification
	21 (34.43%)



	Post-graduate degree
	6 (9.84%)



	BMI Status
	



	Underweight
	2 (0.04%)



	Normal
	41 (71.93%)



	Overweight
	5 (0.09%)



	Obese
	9 (0.16%)



	Smoking Status
	



	Never
	47 (78.33%)



	Ever
	13 (21.67%)










 





Table 3. Genotypic distribution of bitter-taste genes (presence of major allele).
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	Gene/SNP
	Major/Minor Allele
	MAF
	% Major Allele Presence





	TAS2R4-rs2233998
	T/C
	0.42
	71.19



	TAS2R4rs2234001
	G/C
	0.48
	67.24



	TAS2R5-rs2227264
	G/T
	0.44
	71.67



	TAS2R9-rs3741845
	G/A
	0.49
	77.05



	TAS2R38-rs713598
	C/G
	0.46
	80.70



	TAS2R50-rs1376251
	C/T
	0.29
	81.67







SNP, single nucleotide polymorphism; MAF, minor allele frequency (TOPMED).













 





Table 4. Distribution of continuous outcome variables.
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	Variables
	Distribution (Mean ± SD)





	FRAP value (μmoles/L)
	0.76 ± 0.24



	TNF-α (pg/mL)
	3.67 ± 5.03



	IL-1β (pg/mL)
	12.28 ± 13.34



	IL-6 (pg/mL)
	0.68 ± 1.22



	Salivary flow rate a (mL/min)
	0.28 ± 0.22



	DMFT Index
	7.23 ± 7.22



	Dental caries
	0.66 ± 1.76



	Missing teeth
	2.82 ± 4.28



	Filled teeth
	3.80 ± 4.41



	Highest PSR Score
	1.87 ± 0.97







FRAP, ferric reducing antioxidant power; TNF-α, tumour necrosis factor-alpha; IL-1β, interleukin 1-beta; IL-6, interleukin-6; Salivary a, unstimulated saliva; DMFT Index, decayed, missing, and filled teeth index; Highest PSR score, highest periodontal screening and recording score in any sextant.













 





Table 5. Distribution of categorical outcome variables.
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	Variable
	Distribution (n, %)





	Hydration a
	



	<30 s
	35 (70.00%)



	>30 s
	15 (30.00%)



	Viscosity of saliva
	



	Frothy/Bubbly
	13 (26.00%)



	Watery/Clear
	37 (74.00%)



	pH (Unstimulated saliva)
	



	6.0–6.6
	9 (17.65%)



	6.8–7.8
	42 (82.35%)



	Quantity (Stimulated saliva)
	



	<5 mL
	4 (8.00%)



	>5 mL
	46 (92.00%)



	pH (Stimulated saliva)
	



	6.0–6.6
	7 (14.00%)



	6.8–7.8
	43 (86.00%)



	Buffering capacity
	



	6–9 points
	8 (16.00%)



	10–12 points
	42 (84.00%)



	Dental Caries
	



	Yes
	10 (16.39%)



	No
	51 (83.61%)



	Missing teeth
	



	Yes
	33 (55.00%)



	No
	27 (45.00%)



	Filled teeth
	



	Yes
	45 (73.77%)



	No
	16 (26.23%)



	Periodontal disease b
	



	Yes
	54 (91.53%)



	No
	5 (8.48%)







Hydration a, visual assessment of saliva production (resting flow rate); Periodontal disease b, any periodontal disease, including gingivitis (localised/generalised) and acute or chronic periodontitis (mild/severe).













 





Table 6. Relationships between bitter-taste receptor genotypes and oral health outcomes.
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TAS2R4-

rs2233998
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TAS2R4-

rs2234001

Major Allele

	

	
TAS2R5-

rs2227264

Major allele

	

	
TAS2R9-

rs3741845

Major allele

	

	
TAS2R38-

rs713598

Major allele

	

	
TAS2R50-

rs1376251

Major allele

	






	

	
+

	
−

	

	
+
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+

	
−

	

	
+

	
−

	

	
+

	
−
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−

	




	
DMFT

	
11.05
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0.4

	
−0.08

(−10.11–9.94)
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22.53)

	
4.39

(−7.33–

16.13)

	
0.5

	
5.79

(2.59–
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Dental caries

	
−0.33
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0.5
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Missing teeth
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13.62)
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LS-means a, unadjusted least square means; bold italic represents significant.













 





Table 7. Relationships between bitter-taste receptor genotypes (presence of major allele) and clinical salivary biomarkers of oral health.
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Gene/SNP

	
TAS2R4-

rs2233998

	
TAS2R4-

rs2234001

	
TAS2R5-

rs2227264

	
TAS2R9-

rs3741845

	
TAS2R38-

rs713598

	
TAS2R50-

rs1376251




	

	
χ2

	
p

	
χ2

	
p

	
χ2

	
p

	
χ2

	
p

	
χ2

	
p

	
χ2

	
p






	
Hydration a

	
0.00

	
0.994

	
0.00

	
0.995

	
0.00

	
1.00

	
0.02

	
0.885

	
2.38

	
0.123

	
2.07

	
0.150




	
Viscosity of saliva

	
0.00

	
0.995

	
0.00

	
0.995

	
0.00

	
1.00

	
0.00

	
0.999

	
0.61

	
0.435

	
0.18

	
0.668




	
pH b

	
0.00

	
0.997

	
0.00

	
0.997

	
0.00

	
1.00

	
0.18

	
0.675

	
0.00

	
0.996

	
0.00

	
0.996




	
Quantity c

	
0.00

	
0.995

	
0.00

	
0.995

	
0.00

	
1.00

	
0.55

	
0.458

	
0.35

	
0.554

	
0.99

	
0.320




	
pH d

	
0.00

	
0.995

	
0.00

	
0.995

	
0.00

	
1.00

	
1.22

	
0.269

	
0.00

	
0.993

	
0.00

	
0.994




	
Buffering capacity

	
0.00

	
0.997

	
0.00

	
0.998

	
0.00

	
1.00

	
3.02

	
0.082

	
1.58

	
0.209

	
0.00

	
0.997








a visual assessment of saliva production/resting salivary flow rate; b pH of resting saliva; c quantity of stimulated saliva; d pH of stimulated saliva.
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