


Does fluoride exposure impact on the human microbiome?
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Abstract 
Fluoride is added to drinking water in some countries to prevent tooth decay (caries).  There is no conclusive evidence that community water fluoridation (CWF) at WHO recommended concentrations for caries prevention has any harmful effects. However, research is ongoing regarding potential effects of ingested fluoride on human neurodevelopment and endocrine dysfunction. Simultaneously, research has emerged highlighting the significance of the human microbiome in gastrointestinal and immune health. In this review we evaluate the literature examining the effect of fluoride exposure on the human microbiome. Unfortunately, none of the studies retrieved examined the effects of ingested fluoridated water on the human microbiome. Animal studies generally examined acute fluoride toxicity following ingestion of fluoridated food and water and conclude that fluoride exposure can detrimentally perturb the normal microbiome. These data are difficult to extrapolate to physiologically relevant human exposure dose ranges and the significance to humans living in areas with CWF requires further investigation. Conversely, evidence suggests that the use of fluoride containing oral hygiene products may have beneficial effects on the oral microbiome regarding caries prevention.  Overall, while fluoride exposure does appear to impact the human and animal microbiome, the long-term consequences of this requires further study. 
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1. Introduction
Fluoridation of public water supplies has been shown to significantly improve oral health by reducing the prevalence of dental caries in children and adults (Fawell et al., 2006; Rugg‐Gunn and Do, 2012; Whelton et al., 2019). The World Health Organisation (WHO) recommends an optimal concentration of 1 mg/L NaF (maximum of 1.5 mg/L NaF) in public water supplies (also referred to as community water fluoridation or CWF) for maintaining good oral health (Fawell et al., 2006; Parnell et al., 2009; WHO, 2019). At these concentrations, fluoride ingestion through CWF is generally considered safe ((NAS), 2021; Parnell et al., 2009; WHO, 2019). However, chronic exposure to increased concentrations of fluoride, either from water supplies with naturally occurring fluoride content higher than that recommended by the WHO (endemic areas) or ingestion of fluoride containing dentifrices, can lead to dental fluorosis (Browne et al., 2005; Whelton et al., 2006, 2019). Although most fluoride containing oral hygiene products are intended for topical use only (i.e. applied in the mouth and then expectorated), some ingestion can occur and in children this may increase the risk of dental fluorosis (Whelton et al., 2019). Apart from the cosmetic impact, there is no convincing evidence that dental fluorosis effects overall health (Browne et al., 2005; Fawell et al., 2006; Whelton et al., 2019; WHO, 2019). However, ongoing research shows that long-term exposure of humans to water sources with fluoride concentrations above those recommended by the WHO can have negative health impacts. Skeletal fluorosis can occur in regions where ground water contains naturally high levels of fluoride (> 4 mg/L) and can result in crippling damage to bones and joints (Kabir et al., 2019). At extremely high concentrations (~5 mg/Kg body weight (Guth et al., 2020)) fluoride can directly damage tissue and have severe toxic effects (Kabir et al., 2019). Due to concerns about fluoride toxicity, there has been intense research investigating whether public water fluoridation could have negative health impacts, including effects on neuronal development, cancer, diabetes and irritable bowel disease (Adkins and Brunst, 2021; Fawell et al., 2006; Fluegge, 2016; Follin-Arbelet and Moum, 2016; Guth et al., 2020; Lee et al., 2020; Miranda et al., 2021). Systematic reviews of the evidence have concluded that there is currently no convincing evidence for long-term health impacts of water fluoridation in humans at the recommended dosages for CWF (Agalakova and Nadei, 2020; Guth et al., 2020; Lambe et al., 2022; Miranda et al., 2021; (NAS), 2021; WHO, 2019). 

2. Fluoride exposure and the microbiome
Dr. Joshua Lederberg coined the term "microbiome" to describe the ecosystem of symbiotic, and sometimes pathogenic microorganisms that reside in the human body. In the last 10 years, our knowledge of the role of the microbiome in human health has greatly expanded (Grice and Segre, 2012; Huttenhower et al., 2014; Lozupone et al., 2012). The GI tract is home to 1014 microorganisms, including bacteria, fungi and viruses. We now know that this microbiome protects us from exogenous disease-causing microbes, helps to develop our immune system, regulates metabolism and produces essential vitamins (Dave et al., 2012; Lozupone, 2018; Lyu and Hsu, 2018; Morgan et al., 2012). Development of this microbiome begins soon after birth and impaired development has been linked to atopic disease, obesity and IBD (Halfvarson et al., 2017; Kumbhare et al., 2019). In the oral cavity, maintaining a healthy microbiome is essential to prevent caries and periodontal disease (Rosier et al., 2017). There is a hypothesis that fluoride could potentially disturb the homeostasis that exists between an individual and their microbiome resulting in unforeseen health impacts. The microbiome throughout the GI tract is exposed to fluoride following ingestion of fluoridated water or small amounts of dentifrice (Adkins and Brunst, 2021; Fawell et al., 2006) (Figure 1). Fluoride intake values for the average adult (Figure 1) can vary considerably due to location and type of climate,  variations in diet, water consumption and oral hygiene practices (EFSA NDA Panel, 2013). As the first point of exposure, the oral cavity is likely to be exposed to the highest fluoride doses. Fluoride accumulation in dental plaque (a biofilm of bacteria and other microbes) in individuals using fluoride dentifrice has been well established, with levels ranging from 0.63–414 ng F/mg of plaque reported (Larsen et al., 2017). However, there is less published data on the levels of fluoride exposure in the mid and lower reaches of the GI tract.  Fluoride absorption into the tissues increases as it descends the tract, with approximately 40% of fluoride being absorbed in the stomach as HF, with the remainder absorbed in the small intestine (Fawell et al., 2006). Approximately 10% of ingested fluoride is excreted in feces, indicating that all regions of the GI tract will receive some exposure (Buzalaf and Whitford, 2011; Johnston and Strobel, 2020). Although it is difficult to estimate average fluoride intake levels, individuals with a normal diet who are not exposed to water containing fluoride above the WHO recommended maximum limits (1.5 mg/L NaF) are not likely to exceed intake of >120 µg/Kg/day (or >100 µg/Kg/day in children) and therefore are reported to be of low risk  for severe to moderate fluorosis ((FSAI), 2018).
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Figure 1. Diagram outlining absorption and intake of fluoride in the human body. Ingested fluoride amounts (µg/Kg body weight/day) correspond to EU averages (Guth et al., 2020; (EFSA NDA Panel), 2013). Most ingested fluoride is converted to hydrogen fluoride (HF) in the stomach where it is absorbed into the bloodstream. Remaining fluoride in the gut is excreted in faeces, with the majority of the absorbed fluoride excreted in urine (Buzalaf and Whitford, 2011; Johnston and Strobel, 2020). Excessive fluoride consumption can result in high levels of absorbed fluoride being incorporated in teeth (fluorapatite) and bone which may cause dental or skeletal fluorosis. In children consumption of >100 µg/Kg/day increases the risk for dental fluorosis (EFSA NDA Panel, 2013) and in adults, long-term consumption of >120 µg/Kg/day can increase the risk of bone fractures or skeletal fluorosis (EFSA NDA Panel, 2013; WHO, 2019). 


3. Antibacterial activity
Fluoride is known to have antibacterial and antifungal activity and in vitro has been shown to directly inhibit bacterial cell growth by inhibiting energy metabolism and glycolysis (Johnston and Strobel, 2020). This activity may be mediated by direct inhibition of enzymes such as enolase and by acidification of the cytoplasm. Considerable research has been carried out on the effects of fluoride on S. mutans due to the key role of this bacterium in caries development (recently reviewed by Liao et al. (Liao et al., 2017)). Acid tolerance is key to the survival of this bacterium in acidic caries lesions (Marsh, 2003). Fluoride absorption by S. mutans (in the form of HF) has been shown to increase intracellular H+ accumulation and inhibit H+ extrusion by the plasma membrane ATPase, thereby diminishing acid tolerance and the ability to grow in acidic plaque (Belli et al., 1995; Marquis, 1990). Fluoride tolerance in bacteria has been reported which may be associated with mutations in the enolase gene or by the expression of fluoride efflux pumps encoded by the crcB and eriCF genes (Liao et al., 2018, 2017). Despite the potent antibacterial activity of fluoride, studies which consider the effects of fluoride on the entire oral and gut microbiome communities have only recently begun to appear in the literature.  

4. Impact of fluoride on the Microbiome
The effect of fluoride on the human microbiome, through exposure to fluoride in dentifrice or fluoridated water, is under researched. A search of the published literature in the PubMed and Scopus databases with the terms ‘microbiome’ or ‘microbiota’ and ‘fluoride’ retrieved 190 studies (date range 1986 to November 2022, Figure 2). From this collection, we excluded studies that did not contain any significant microbiological analysis, studies that did not include fluoride in their analysis or those that focused solely on environmental, invertebrate or in vitro grown microbiomes (Figure 2). Following this, 42 studies were included that examined the potential effects of fluoride on the human or animal microbiome. None of the published studies have directly examined the effects of ingested fluoridated water on the human microbiome. The following sections describe recent research that has been carried out with human participants and/or using animal models of fluoride exposure.

Figure 2
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Figure 2. Flow diagram outlining document search strategy. The Scopus and PubMed databases were searched (November 2022) for the terms “fluoride” and “microbiome” or “microbiota”. Studies that did not analyse the relationship between fluoride and microbes were excluded as out of scope. Studies that were wholly in vitro, environmental or relating to invertebrate hosts were also excluded resulting in 42 publications that examined the impact of fluoride on the human or animal microbiome.


3.1 Studies in humans
Most studies in humans have focused on the impact of fluoride dentifrices, varnishes and mouthwashes on the oral microbiome. The effects of ingestion of these formulations on the gut microbiome have not been investigated. Most studies report limited or no effects on the oral microbiome, with some studies suggesting beneficial effects. Widyarman et al. carried out a small study of 10 children with caries examining the impact of amorphous calcium phosphate fluoride treatment on the oral microbiome (Widyarman et al., 2021). Fluoride treatment was carried out weekly for a period of one month. Changes in plaque ecology were identified post-treatment and these changes were characterised as not detrimental and possibly health promoting (Widyarman et al., 2021).  Silver diamine fluoride (SDF), a compound which combines the antibacterial properties of silver with fluoride, has been assessed in several small studies for its impact on the oral microbiome during caries treatment (Mei et al., 2020; Paul et al., 2021; Ruff et al., 2021). These studies report relatively minor changes to the plaque microbiome in children treated with SDF (Mei et al., 2020). Stannous and fluoride ion (F/Sn)-containing products have also been investigated in several small studies (Anderson et al., 2020; Benjasupattananan et al., 2005; He et al., 2021; Kruse et al., 2021; Loveren et al., 2009; Reilly et al., 2014). Kruse et al. compared two groups (n=16) over 36 months, with one group using a stannous and fluoride ion (F/Sn)-containing toothpaste and mouth rinse and the second group that used ion free preparations (Kruse et al., 2021). The F/Sn treated group showed small changes in microbiome composition and these were considered harmless. In a second study, Anderson et al. compared the microbiomes of two groups over 36 months (Anderson et al., 2020). One group (n=16) used a stannous and fluoride ion (F/Sn)-containing toothpaste and mouth rinse and the second used ion free preparations (n=22). The genus Prevotella was found in higher abundance in controls whereas the “health-associated taxa” Neisseria and Granulicatella were found more abundantly in the fluoride treated group. In general, stannous and fluoride ion (F/Sn)-containing toothpastes may reduce the levels of cariogenic bacteria, but larger studies may be required to confirm these findings (Benjasupattananan et al., 2005; Loveren et al., 2009)
 In a larger study, Koopman et al. investigated the effects of using fluoride mouthwash in adolescents undergoing orthodontic therapy (n=91) (Koopman et al., 2015). The impact of fluoride treatment on the composition of supragingival plaque in terms of composition and species richness were described by the authors as ‘trivial’. Giersten et al. also reported limited impact of a fluoride containing mouthwash on the oral microbiota after 4 weeks of use (Giertsen et al., 1999). As discussed previously, fluoride may directly impact on the growth of cariogenic S. mutans in the oral cavity. The potential oral health benefits of this activity was directly examined by Badjatia et al. in group of children (n=42) who were divided in two groups, one of whom received fluoride varnish (Badjatia et al., 2017). Oral S. mutans levels were determined by culture at 3 and 6 months in both groups. The group that received fluoride varnish treatment exhibited significantly reduced S. mutans levels (> 3-fold lower counts) at the end of the study. Similarly, Bizhang et al. reported that the use of fluoride varnish as part of periodontal maintenance therapy resulted in significantly reduced levels of S. mutans and lactobacilli (Bizhang et al., 2007). Conversely, Reilly et al. reported that a single application of 5% sodium fluoride varnish had no significant impact on overall plaque microbiome structure (Reilly et al., 2016). Gedam et al. also reported that use of a NaF mouthwash in children could significantly reduce S. mutans counts and was similar in efficiency to a chlorhexidine mouthwash (Gedam and Katre, 2022). Another streptococcal species with a protective role against caries is S. dentasani. S. dentasani was recently shown to inhibit the growth of S. mutans and may have potential as a caries protective, probiotic organism. However, a single study examining the abundance of S. dentasani in Colombian children (n=100) showed that use of fluoride containing products was associated with a significant reduction in the levels of this organisms (Angarita‐Díaz et al., 2019).
The combination of fluoride and arginine in dentifrice has also been shown to reduce the levels of S. mutans in the oral cavity in a small group of individuals (n=15) with active caries (Zheng et al., 2017). A more comprehensive analysis of the impact of fluoride dentifrice (1450 ppm) and a combined fluoride/arginine dentifrice was recently carried out by Carda-Diéguez et al. who studied 53 caries active and caries free individuals over 6 months of product use (Carda-Diéguez et al., 2022). The approach involved analysis of plaque composition (metagenomics) and transcriptional activity (meta transcriptomics) following three months use of the fluoride dentifrice. Following this period reduced levels of Streptococcus and Veillonella species was observed. Veillonella species generally thrive in acidic plaque environments and these results strongly indicate a reduction in acidogenicity of the biofilm. Unexpectedly, periodontal pathogens Prevotella and Porphyromonas species were increased and were more transcriptionally active after 3 months, which may again be related to the reduced acidity of the plaque environment.
Few studies have examined the impact of fluoride ingestion through CWF or other supplements (e.g. salt) on the microbiome. One small study of the plaque microbiome in 56 individuals described by Wolff et al. found a specific biofilm community in adults who took fluoridated salt or tablets in childhood (Wolff et al., 2019). Evidence for a long-term impact of fluoride consumption in childhood would require further investigation. The only study to examine the potential impacts of excessive fluoride exposure through drinking water was carried out by Wang et al. (Wang et al., 2021). This study was carried out in Guizhou province, China, an area with endemic dental fluorosis due to fluoride contamination of ground water. This analysis investigated oral microbiome differences in 42 children (12-14 years), categorised into healthy (N = 9), mild (N = 14) and moderate/severe (N = 19) dental fluorosis groups. The study demonstrates a significant shift in the oral microbiome of the moderate/severe group, with increased Firmicutes and reduced Bacteroidetes. The significance of this shift in relation to caries prevention or general health is unknown. It must be noted that the sample size examined here is extremely small, however this study does present a preliminary indication that excessive fluoride exposure in children may impact on the oral microbiome (Wang et al., 2021).
Studies in humans have not considered the impact of ingested fluoride on the gut microbiome. The only study to address this question was published by Chen at al. who carried out an ex-vivo study of human faeces, involving culture of faecal samples in a laboratory fermenter (Chen et al., 2021). Addition of low fluoride concentrations (1 and 2 mg/L) had limited effects on the faecal microbiome, and may even promote “health-associated” taxa including Faecalibacterium and Lactobacillus. Higher concentrations (10 and 15 mg/L) had effects that could be considered detrimental with a reduction in some beneficial microbes (Chen et al., 2021).

3.2 Animal models 
A variety of animal models have been used to examine the effects of fluoride ingestion, largely involving mice, rats and hens. Although animals are a useful tool to study the impact of fluoride on human health, extrapolation of the findings to humans can be problematic due to differences in fluoride susceptibility, intestinal barrier function and metabolic rates. It has been estimated that typical human fluoride ingestion of 1-2 mg/day could be modelled in rodent studies using drinking water containing 9-29 mg/L fluoride ((NTP), 2016). However, many of the studies listed here examine the impact of acute fluoride toxicity on the microbiome, which may occur in some endemic areas, rather than long-term exposure to lower concentrations. An exception to this was a recent study by Yasuda et al. who investigated fluoride ingestion in mice using low concentrations of fluoride in drinking water (4 mg/L), with and without gavage supplementation to represent exposure to fluoride in dentifrice (Yasuda et al., 2017) Fluoride treated groups exhibited reduction in acidogenic bacteria in the oral cavity, which the authors suggest could be caries-protective. However, no impact on the faecal microbiome was observed at these concentrations. The authors concluded that fluoride may be absorbed in the upper and mid GI-tract with little impact on the stool microbiome (Yasuda et al., 2017). Many other studies in mice and rats examine the impact of acute toxicity which is often associated with damage to the integrity of the intestinal barrier, or use fluoride in combination with other toxic metals. Dionizio et al. showed that male rats that ingested water with 50 mg/L fluoride for thirty days exhibited inflamed ileum morphology and changes in the gut microbiome, most notably reduced Clostridia (Dionizio et al., 2021). Liu et al. exposed groups of 24 mice to even higher concentrations (50-100 mg/L  Fluoride) and noted extensive changes in cecum morphology (Liu et al., 2019). The gut microbiome of the high fluoride group exhibited significant reduction in Firmicutes (Lactobacilli) and increased Bacteroidetes compared to controls. Fu et al. treated mice with drinking water containing 100 mg/L NaF for 60 days (n=9) and their gut microbiome was compared to control mice (n=9) (Fu et al., 2020). Fluoride increased microbiome richness and resulted in decreased Firmicutes and increased Bacteroidetes. Komoroglu et al. also reported a dramatic loss of Firmicutes (Lactobacilli) in rats treated with 100 ml/L NaF in drinking water (Komuroglu et al., 2022). Zhu et al.  also described microbiome changes in the gut of mice exposed to 25-100 mg F/L and associated these changes with increased expression of inflammatory cytokines and antimicrobial proteins (Zhu et al., 2022). Whilst the majority of these studies focus on the upper extrapolated likely dose range of systemic fluoride exposure in humans, they do appear to indicate that fluoride effects on the gut versus the oral microbiome may be substantially different.  Research is needed in order to determine whether daily exposure to fluoride at concentrations recommended for community water fluoridation could elicit similar effects on the gut microbiome in humans.
Zhong et al. employed a more nuanced approach to model dental fluorosis by exposing rats to fluoride concentrations that more closely represent total daily exposure levels in humans (Zhong et al., 2021). For this study, groups of rats (n=5) were exposed to increasing fluoride concentrations in drinking water (0, 25, 50, 100 & 150 mg/L NaF treatment) over 12 weeks. Fluorosis severity and fluoride concentration in faeces increased with treatment. Decreased Clostridium, Roseburia, Turicibacter, and Paenalcaligenes in the gut microbiome were associated with the grade of fluorosis. Although this study suggests that dental fluorosis could be accompanied by changes to the microbiome, further research  is needed to determine if these results can be extrapolated to fluorosis in humans. Some investigators have questioned whether probiotics could protect from the toxic effect of fluoride. Xin et al. showed that fluoride treatment resulted in a reduction in Firmicutes, including Lactobacillus spp., and that treatment with Lactobacillus johnsonii BS15 was protective against the detrimental effects of fluoride treatment on the gut microbiome of mice (Xin et al., 2020). Similarly, Xin et al.  described behavioural defects in fluoride treated mice (100 mg NaF/L) which exhibited neuronal defects and inflammatory responses (Xin et al., 2021). These effects could be partly offset by supplementing the treatment with Lactobacillus johnsonii BS15. The authors conclude that this is due to the improved intestinal barrier function induced by the probiotic strain. 
A combination of arsenic and fluoride can be found in drinking water in some endemic areas and this combination has been shown to be exceptionally toxic to the gut microbiome. Yan et al. exposed rats to Arsenic (50 mg/L), Fluoride (100 mg/L) or a combination of both and all treatments significantly altered the gut microbiome and induced cardiovascular defects (Yan et al., 2021). Similarly, Lui et al. exposed gr  oups of rats to NaF (100 mg/L), NaAsO2 (50 mg/L) or a combination of both and observed changes in testicular morphology and severe disturbance of the faecal microbiome (Liu et al., 2021).  
Hens (Luo et al., 2016; Miao et al., 2020) and ducks (Li et al., 2021) have also been used as models of fluoride toxicity. These studies generally involved high concentrations of fluoride (400-1200 mg/kg) and induced severe damage to the intestinal mucosa and the gut microbiome. 


5. Conclusion
Microbiome research is still in its early days and studies investigating the impact of fluoride on the human microbiome have only begun to appear in the literature. Studies of the oral microbiome to date suggest that application of topical fluorides has a minor impact on the oral microbiome and these alterations may be beneficial. Exposure to fluorides in drinking water at concentrations that induce dental fluorosis may have a more severe impact on the oral microbiome, but larger studies are required to confirm what are currently only preliminary findings. Animal studies, while suggesting more significant effects on oral and gut microbiomes are difficult to evaluate due to differences in gut barrier structure and fluoride metabolism in rodents. Although most rodent studies appear to focus on the effects of acute toxicity, some have demonstrated impacts on the microbiome using fluoride exposure levels associated with dental fluorosis (Yasuda et al., 2017; Zhong et al., 2021).
In conclusion, there is a need for large population-based studies to assess the impact of fluorides and CWF on the oral and gut microbiome in children and adults. It should be noted that investigators might choose to examine the impact at low intakes, for example corresponding to the CWF levels, or alternatively might focus on the populations where drinking water is contaminated by naturally occurring high levels of fluoride. In either case, if a change in the microbiome is observed, follow-up studies will be required to investigate whether the fluoride-associated microbiome change directly impacts human health. 
Some data suggests that fluorides may induce changes to the oral microbiome that are beneficial, such as reducing the levels of cariogenic S. mutans, however the impact on the gut microbiome in humans is largely unexplored. High concentrations of fluoride are likely to impact on the structure of the oral and gut microbiomes and further research is needed to determine if this impacts on overall health.  It is worth noting that despite the growing evidence for the positive effects of fluoride on the oral microbiome, evidence for the negative impact of excess sugar intake on the oral microbiome is overwhelming and public health initiatives that tackle excess sugar consumption are likely to be a more effective method to improve the health of the oral microbiome and reduce the incidence of dental caries (Marsh, 2003; Pitts et al., 2017; Sheiham and James, 2014).

Acknowledgements
The authors would like to thank Patrick Quinn, Gerard Colleran, Mike Broderick, Etain Kett and Orla Kennedy for helpful discussions.

Conflict of Interest statement
Authors G.P.M., L. Z., B.D., M.H. and T.M. served as members of the Irish Expert Body on Fluorides and Health but write in an academic capacity and subject matter expertise (www.fluoridesandhealth.ie).





References

Adkins, E.A., Brunst, K.J., 2021. Impacts of Fluoride Neurotoxicity and Mitochondrial Dysfunction on Cognition and Mental Health: A Literature Review. Int J Environ Res Pu 18, 12884. https://doi.org/10.3390/ijerph182412884
Agalakova, N.I., Nadei, O.V., 2020. Inorganic fluoride and functions of brain. Crit Rev Toxicol 50, 1–19. https://doi.org/10.1080/10408444.2020.1722061
Anderson, A.C., Al-Ahmad, A., Schlueter, N., Frese, C., Hellwig, E., Binder, N., 2020. Influence of the long-term use of oral hygiene products containing stannous ions on the salivary microbiome – a randomized controlled trial. Sci Rep-uk 10, 9546. https://doi.org/10.1038/s41598-020-66412-z
Angarita‐Díaz, M.P., Díaz, J.A., Tupaz, H.A., López‐López, A., Forero, D., Mira, A., Dávila, F., Cerón, X.A., Ochoa‐Acosta, E.M., Goméz, O.L., Gonzalez, G., 2019. Presence of Streptococcus dentisani in the dental plaque of children from different Colombian cities. Clin Exp Dent Res 5, 184–190. https://doi.org/10.1002/cre2.158
Badjatia, S., Badjatia, R.G., Thanveer, K., Krishnan, A.C., 2017. Effects of Fluoride Varnish on Streptococcus mutans Count in Saliva. Int J Clin Pediatric Dent 10, 62–66. https://doi.org/10.5005/jp-journals-10005-1409
Belli, DH, B., RE, M., 1995. Weak acid effects the fluoride inhibition of glycolysis by Streptococcus mutans GS-5. Canadian Journal of Microbiology 41, 789–791. https://doi.org/7585355
Benjasupattananan, S., Lai, C.S.Y., Persson, G.R., Pjetursson, B.E., Lang, N.P., 2005. Effect of a stannous fluoride dentifrice on the sulcular microbiota: a prospective cohort study in subjects with various levels of periodontal inflammation. Oral Hlth Prev Dent 3, 263–72.
Bizhang, M., Chun, Y.P., Heisrath, D., Purucker, P., Singh, P., Kersten, T., Zimmer, S., 2007. Microbiota of Exposed Root Surfaces After Fluoride, Chlorhexidine, and Periodontal Maintenance Therapy: A 3‐Year Evaluation. J Periodontol 78, 1580–1589. https://doi.org/10.1902/jop.2007.060456
Browne, D., Whelton, H., O’Mullane, D., 2005. Fluoride metabolism and fluorosis. J Dent 33, 177–186. https://doi.org/10.1016/j.jdent.2004.10.003
Buzalaf, M.A.R., Whitford, G.M., 2011. Fluoride Metabolism. Monogr Oral Sci 22, 20–36. https://doi.org/10.1159/000325107
Carda-Diéguez, M., Moazzez, R., Mira, A., 2022. Functional changes in the oral microbiome after use of fluoride and arginine containing dentifrices: a metagenomic and metatranscriptomic study. Microbiome 10, 159. https://doi.org/10.1186/s40168-022-01338-4
Chen, G., Hu, P., Xu, Z., Peng, C., Wang, Y., Wan, X., Cai, H., 2021. The beneficial or detrimental fluoride to gut microbiota depends on its dosages. Ecotox Environ Safe 209, 111732. https://doi.org/10.1016/j.ecoenv.2020.111732
Dave, M., Higgins, P.D., Middha, S., Rioux, K.P., 2012. The human gut microbiome: current knowledge, challenges, and future directions. Transl Res J Laboratory Clin Medicine 160, 246–57. https://doi.org/10.1016/j.trsl.2012.05.003
Dionizio, A., Uyghurturk, D.A., Melo, C.G.S., Sabino-Arias, I.T., Araujo, T.T., Ventura, T.M.S., Perles, J.V.C.M., Zanoni, J.N., Besten, P.D., Buzalaf, M.A.R., 2021. Intestinal changes associated with fluoride exposure in rats: Integrative morphological, proteomic and microbiome analyses. Chemosphere 273, 129607. https://doi.org/10.1016/j.chemosphere.2021.129607
Fawell, J., Bailey, K., Chilton, J., Dahi, E., Fewtrell, L., Magara, Y., 2006. Fluoride in Drinking-water. World Health Organisation.
Fluegge, K., 2016. Community water fluoridation predicts increase in age-adjusted incidence and prevalence of diabetes in 22 states from 2005 and 2010. J Water Health 14, 864–877. https://doi.org/10.2166/wh.2016.012
Follin-Arbelet, B., Moum, B., 2016. Fluoride: a risk factor for inflammatory bowel disease? Scand J Gastroentero 51, 1019–1024. https://doi.org/10.1080/00365521.2016.1177855
Food Safety Authority of Ireland (FSAI), 2018. Total Diet Study 2014–2016: Assessment of dietary exposure to fluoride in adults and children in Ireland. Food Safety Authority of Ireland, Dublin.
Fu, R., Niu, R., Li, R., Yue, B., Zhang, X., Cao, Q., Wang, J., Sun, Z., 2020. Fluoride-Induced Alteration in the Diversity and Composition of Bacterial Microbiota in Mice Colon. Biol Trace Elem Res 196, 537–544. https://doi.org/10.1007/s12011-019-01942-w
Gedam, K.Y., Katre, A.N., 2022. Efficacy of Probiotic, Chlorhexidine, and Sodium Fluoride Mouthrinses on Mutans Streptococci in 8- to 12-Year-Old Children: A Crossover Randomized Trial. Lifestyle Genom 15, 35–44. https://doi.org/10.1159/000519916
Giertsen, E., Emberland, H., Scheie, A.Aa., 1999. Effects of Mouth Rinses with Xylitol and Fluoride on Dental Plaque and Saliva. Caries Res 33, 23–31. https://doi.org/10.1159/000016492
Grice, E.A., Segre, J.A., 2012. The Human Microbiome: Our Second Genome*. Annu Rev Genom Hum G 13, 151–170. https://doi.org/10.1146/annurev-genom-090711-163814
Guth, S., Hüser, S., Roth, A., Degen, G., Diel, P., Edlund, K., Eisenbrand, G., Engel, K.-H., Epe, B., Grune, T., Heinz, V., Henle, T., Humpf, H.-U., Jäger, H., Joost, H.-G., Kulling, S.E., Lampen, A., Mally, A., Marchan, R., Marko, D., Mühle, E., Nitsche, M.A., Röhrdanz, E., Stadler, R., Thriel, C. van, Vieths, S., Vogel, R.F., Wascher, E., Watzl, C., Nöthlings, U., Hengstler, J.G., 2020. Toxicity of fluoride: critical evaluation of evidence for human developmental neurotoxicity in epidemiological studies, animal experiments and in vitro analyses. Arch Toxicol 94, 1375–1415. https://doi.org/10.1007/s00204-020-02725-2
Halfvarson, J., Brislawn, C.J., Lamendella, R., Vázquez-Baeza, Y., Walters, W.A., Bramer, L.M., D’Amato, M., Bonfiglio, F., McDonald, D., Gonzalez, A., McClure, E.E., Dunklebarger, M.F., Knight, R., Jansson, J.K., 2017. Dynamics of the human gut microbiome in inflammatory bowel disease. Nat Microbiol 2, 17004. https://doi.org/10.1038/nmicrobiol.2017.4
He, T., Huang, S., Yue, F., Wang, L., Liu, J., Xu, J., 2021. A randomized, controlled comparison of a stannous-containing dentifrice for reducing gingival bleeding and balancing the oral microbiome relative to a positive control. Am J Dent 34, 222–227.
Huttenhower, C., Gevers, D., Knight, R., Abubucker, S., Badger, J.H., Chinwalla, A.T., Consortium, T.H.M.P., Creasy, H.H., Earl, A.M., FitzGerald, M.G., Fulton, R.S., Giglio, M.G., Hallsworth-Pepin, K., Lobos, E.A., Madupu, R., Magrini, V., Martin, J.C., Mitreva, M., Muzny, D.M., Sodergren, E.J., Versalovic, J., Wollam, A.M., Worley, K.C., Wortman, J.R., Young, S.K., Zeng, Q., Aagaard, K.M., Abolude, O.O., Allen-Vercoe, E., Alm, E.J., Alvarado, L., Andersen, G.L., Anderson, S., Appelbaum, E., Arachchi, H.M., Armitage, G., Arze, C.A., Ayvaz, T., Baker, C.C., Begg, L., Belachew, T., Bhonagiri, V., Bihan, M., Blaser, M.J., Bloom, T., Bonazzi, V., Brooks, J.P., Buck, G.A., Buhay, C.J., Busam, D.A., Campbell, J.L., Canon, S.R., Cantarel, B.L., Chain, P.S.G., Chen, I.-M.A., Chen, L., Chhibba, S., Chu, K., Ciulla, D.M., Clemente, J.C., Clifton, S.W., Conlan, S., Crabtree, J., Cutting, M.A., Davidovics, N.J., Davis, C.C., DeSantis, T.Z., Deal, C., Delehaunty, K.D., Dewhirst, F.E., Deych, E., Ding, Y., Dooling, D.J., Dugan, S.P., Dunne, W.M., Durkin, A.S., Edgar, R.C., Erlich, R.L., Farmer, C.N., Farrell, R.M., Faust, K., Feldgarden, M., Felix, V.M., Fisher, S., Fodor, A.A., Forney, L.J., Foster, L., Francesco, V.D., Friedman, J., Friedrich, D.C., Fronick, C.C., Fulton, L.L., Gao, H., Garcia, N., Giannoukos, G., Giblin, C., Giovanni, M.Y., Goldberg, J.M., Goll, J., Gonzalez, A., Griggs, A., Gujja, S., Haake, S.K., Haas, B.J., Hamilton, H.A., Harris, E.L., Hepburn, T.A., Herter, B., Hoffmann, D.E., Holder, M.E., Howarth, C., Huang, K.H., Huse, S.M., Izard, J., Jansson, J.K., Jiang, H., Jordan, C., Joshi, V., Katancik, J.A., Keitel, W.A., Kelley, S.T., Kells, C., King, N.B., Knights, D., Kong, H.H., Koren, O., Koren, S., Kota, K.C., Kovar, C.L., Kyrpides, N.C., Rosa, P.S.L., Lee, S.L., Lemon, K.P., Lennon, N., Lewis, C.M., Lewis, L., Ley, R.E., Li, K., Liolios, K., Liu, B., Liu, Y., Lo, C.-C., Lozupone, C.A., Lunsford, R.D., Madden, T., Mahurkar, A.A., Mannon, P.J., Mardis, E.R., Markowitz, V.M., Mavromatis, K., McCorrison, J.M., McDonald, D., McEwen, J., McGuire, A.L., McInnes, P., Mehta, T., Mihindukulasuriya, K.A., Miller, J.R., Minx, P.J., Newsham, I., Nusbaum, C., O’Laughlin, M., Orvis, J., Pagani, I., Palaniappan, K., Patel, S.M., Pearson, M., Peterson, J., Podar, M., Pohl, C., Pollard, K.S., Pop, M., Priest, M.E., Proctor, L.M., Qin, X., Raes, J., Ravel, J., Reid, J.G., Rho, M., Rhodes, R., Riehle, K.P., Rivera, M.C., Rodriguez-Mueller, B., Rogers, Y.-H., Ross, M.C., Russ, C., Sanka, R.K., Sankar, P., Sathirapongsasuti, J.F., Schloss, J.A., Schloss, P.D., Schmidt, T.M., Scholz, M., Schriml, L., Schubert, A.M., Segata, N., Segre, J.A., Shannon, W.D., Sharp, R.R., Sharpton, T.J., Shenoy, N., Sheth, N.U., Simone, G.A., Singh, I., Smillie, C.S., Sobel, J.D., Sommer, D.D., Spicer, P., Sutton, G.G., Sykes, S.M., Tabbaa, D.G., Thiagarajan, M., Tomlinson, C.M., Torralba, M., Treangen, T.J., Truty, R.M., Vishnivetskaya, T.A., Walker, J., Wang, L., Wang, Z., Ward, D.V., Warren, W., Watson, M.A., Wellington, C., Wetterstrand, K.A., White, J.R., Wilczek-Boney, K., Wu, Y., Wylie, K.M., Wylie, T., Yandava, C., Ye, L., Ye, Y., Yooseph, S., Youmans, B.P., Zhang, L., Zhou, Y., Zhu, Y., Zoloth, L., Zucker, J.D., Birren, B.W., Gibbs, R.A., Highlander, S.K., Methé, B.A., Nelson, K.E., Petrosino, J.F., Weinstock, G.M., Wilson, R.K., White, O., 2014. Structure, function and diversity of the healthy human microbiome. Nature 486, 207. https://doi.org/10.1038/nature11234
Johnston, N.R., Strobel, S.A., 2020. Principles of fluoride toxicity and the cellular response: a review. Arch Toxicol 94, 1051–1069. https://doi.org/10.1007/s00204-020-02687-5
Kabir, H., Gupta, A.K., Tripathy, S., 2019. Fluoride and human health: Systematic appraisal of sources, exposures, metabolism, and toxicity. Crit Rev Env Sci Tec 50, 1–78. https://doi.org/10.1080/10643389.2019.1647028
Komuroglu, A.U., Seckin, H., Ertaş, M., Meydan, I., 2022. Metagenomic Analysis of Intestinal Microbiota in Florated Rats. Biol Trace Elem Res 200, 3275–3283. https://doi.org/10.1007/s12011-021-03003-7
Koopman, J.E., Kaaij, N.C.W. van der, Buijs, M.J., Elyassi, Y., Veen, M.H. van der, Crielaard, W., Cate, J.M. ten, Zaura, E., 2015. The Effect of Fixed Orthodontic Appliances and Fluoride Mouthwash on the Oral Microbiome of Adolescents – A Randomized Controlled Clinical Trial. Plos One 10, e0137318. https://doi.org/10.1371/journal.pone.0137318
Kruse, A.B., Schlueter, N., Kortmann, V.K., Frese, C., Anderson, A., Wittmer, A., Hellwig, E., Vach, K., Al-Ahmad, A., 2021. Long-Term Use of Oral Hygiene Products Containing Stannous and Fluoride Ions: Effect on Viable Salivary Bacteria. Antibiotics 10, 481. https://doi.org/10.3390/antibiotics10050481
Kumbhare, S.V., Patangia, D.V., Patil, R.H., Shouche, Y.S., Patil, N.P., 2019. Factors influencing the gut microbiome in children: from infancy to childhood. J Biosciences 44, 49. https://doi.org/10.1007/s12038-019-9860-z
Lambe, K., Farragher, A., Moloney, T., Sunday, S., Long, J., 2022. Impact of community water fluoridation on systemic health excluding oral health: An evidence review. Health Research Board, Dublin.
Larsen, L.S., Baelum, V., Tenuta, L.M.A., Richards, A., Nyvad, B., 2017. Fluoride in Dental Biofilm Varies across Intra-Oral Regions. Caries Res 51, 402–409. https://doi.org/10.1159/000475510
Lee, N., Kang, S., Lee, W., Hwang, S., 2020. The Association between Community Water Fluoridation and Bone Diseases: A Natural Experiment in Cheongju, Korea. Int J Environ Res Pu 17, 9170. https://doi.org/10.3390/ijerph17249170
Li, A., Wang, Y., He, Y., Liu, B., Iqbal, M., Mehmood, K., Jamil, T., Chang, Y.-F., Hu, L., Li, Y., Guo, J., Pan, J., Tang, Z., Zhang, H., 2021. Environmental fluoride exposure disrupts the intestinal structure and gut microbial composition in ducks. Chemosphere 277, 130222. https://doi.org/10.1016/j.chemosphere.2021.130222
Liao, Y., Brandt, B.W., Li, J., Crielaard, W., Loveren, C.V., Deng, D.M., 2017. Fluoride resistance in Streptococcus mutans: a mini review. J Oral Microbiol 9, 1344509. https://doi.org/10.1080/20002297.2017.1344509
Liao, Y., Yang, J., Brandt, B.W., Li, J., Crielaard, W., Loveren, C. van, Deng, D.M., 2018. Genetic Loci Associated With Fluoride Resistance in Streptococcus mutans. Front Microbiol 9, 3093. https://doi.org/10.3389/fmicb.2018.03093
Liu, J., Wang, H., Lin, L., Miao, C., Zhang, Y., Zhou, B., 2019. Intestinal barrier damage involved in intestinal microflora changes in fluoride-induced mice. Chemosphere 234, 409–418. https://doi.org/10.1016/j.chemosphere.2019.06.080
Liu, P., Li, R., Tian, X., Zhao, Y., Li, M., Wang, M., Ying, X., Yuan, J., Xie, J., Yan, Xiaoting, Lyu, Y., Wei, C., Qiu, Y., Tian, F., Zhao, Q., Yan, Xiaoyan, 2021. Co-exposure to fluoride and arsenic disrupts intestinal flora balance and induces testicular autophagy in offspring rats. Ecotox Environ Safe 222, 112506. https://doi.org/10.1016/j.ecoenv.2021.112506
Loveren, C. van, Gerardu, V.A.M., Sissons, C.H., Bekkum, M. van, Cate, J.M. ten, 2009. Effect of Various Rinsing Protocols after Use of Amine Fluoride/Stannous Fluoride Toothpaste on the Bacterial Composition of Dental Plaque. Caries Res 43, 462–467. https://doi.org/10.1159/000264683
Lozupone, C.A., 2018. Unraveling Interactions between the Microbiome and the Host Immune System To Decipher Mechanisms of Disease. MSystems 3, e00183-17. https://doi.org/10.1128/msystems.00183-17
Lozupone, C.A., Stombaugh, J.I., Gordon, J.I., Jansson, J.K., Knight, R., 2012. Diversity, stability and resilience of the human gut microbiota. Nature 489, 220 230. https://doi.org/10.1038/nature11550
Luo, Q., Cui, H., Peng, X., Fang, J., Zuo, Z., Deng, J., Liu, J., Deng, Y., 2016. Dietary High Fluorine Alters Intestinal Microbiota in Broiler Chickens. Biol Trace Elem Res 173, 483–491. https://doi.org/10.1007/s12011-016-0672-9
Lyu, Q., Hsu, C.-C., 2018. Can Diet Influence Our Health by Altering Intestinal Microbiota-Derived Fecal Metabolites? Msystems 3, e00187-17. https://doi.org/10.1128/msystems.00187-17
Marquis, R.E., 1990. Diminished Acid Tolerance of Plaque Bacteria Caused by Fluoride. J Dent Res 69, 672–675. https://doi.org/10.1177/00220345900690s130
Marsh, P.D., 2003. Are dental diseases examples of ecological catastrophes? Microbiology+ 149, 279 294. https://doi.org/10.1099/mic.0.26082-0
Mei, M.L., Yan, Z., Duangthip, D., Niu, J.Y., Yu, O.Y., You, M., Lo, E.C.M., Chu, C.H., 2020. Effect of silver diamine fluoride on plaque microbiome in children. J Dent 102, 103479. https://doi.org/10.1016/j.jdent.2020.103479
Miao, L., Zhu, M., Li, H., Xu, Q., Dong, X., Zou, X., 2020. Dietary High Sodium Fluoride Impairs Digestion and Absorption Ability, Mucosal Immunity, and Alters Cecum Microbial Community of Laying Hens. Animals 10, 179. https://doi.org/10.3390/ani10020179
Miranda, G.H.N., Alvarenga, M.O.P., Ferreira, M.K.M., Puty, B., Bittencourt, L.O., Fagundes, N.C.F., Pessan, J.P., Buzalaf, M.A.R., Lima, R.R., 2021. A systematic review and meta-analysis of the association between fluoride exposure and neurological disorders. Sci Rep-uk 11, 22659. https://doi.org/10.1038/s41598-021-99688-w
Morgan, X.C., Tickle, T.L., Sokol, H., Gevers, D., Devaney, K.L., Ward, D.V., Reyes, J.A., Shah, S.A., LeLeiko, N., Snapper, S.B., Bousvaros, A., Korzenik, J., Sands, B.E., Xavier, R.J., Huttenhower, C., 2012. Dysfunction of the intestinal microbiome in inflammatory bowel disease and treatment. Genome Biol 13, R79. https://doi.org/10.1186/gb-2012-13-9-r79
National Academy of Sciences (NAS), 2021. Review of the Revised NTP Monograph on the Systematic Review of Fluoride Exposure and Neurodevelopmental and Cognitive Health Effects. The National Academies Press, Washington, DC.
EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2013. Scientific Opinion on Dietary Reference Values for fluoride, EFSA Journal.
National Toxicology Program (NTP), 2016. NTP Research Report on Systematic Literature Review on the Effects of Fluoride on Learning and Memory in Animal Studies.
Parnell, C., Whelton, H., O’Mullane, D., 2009. Water Fluoridation. European Archives Paediatr Dent 10, 141–148. https://doi.org/10.1007/bf03262675
Paul, B., Sierra, M.A., Xu, F., Crystal, Y.O., Li, X., Saxena, D., Ruff, R.R., 2021. Microbial population shift and metabolic characterization of silver diamine fluoride treatment failure on dental caries. Plos One 16, e0242396. https://doi.org/10.1371/journal.pone.0242396
Pitts, N.B., Zero, D.T., Marsh, P.D., Ekstrand, K., Weintraub, J.A., Ramos-Gomez, F., Tagami, J., Twetman, S., Tsakos, G., Ismail, A., 2017. Dental caries. Nat Rev Dis Primers 3, 17030. https://doi.org/10.1038/nrdp.2017.30
Reilly, C., Goettl, M., Steinmetz, M., Nikrad, J., Jones, R., 2016. Short‐term effects of povidone iodine and sodium fluoride therapy on plaque levels and microbiome diversity. Oral Dis 22, 155–161. https://doi.org/10.1111/odi.12407
Reilly, C., Rasmussen, K., Selberg, T., Stevens, J., Jones, R.S., 2014. Biofilm community diversity after exposure to 0·4% stannous fluoride gels. J Appl Microbiol 117, 1798–1809. https://doi.org/10.1111/jam.12655
Rosier, B.T., Marsh, P.D., Mira, A., 2017. Resilience of the Oral Microbiota in Health: Mechanisms That Prevent Dysbiosis. J Dent Res 97, 371–380. https://doi.org/10.1177/0022034517742139
Ruff, R.R., Paul, B., Sierra, M.A., Xu, F., Li, X., Crystal, Y.O., Saxena, D., 2021. Predicting Treatment Nonresponse in Hispanic/Latino Children Receiving Silver Diamine Fluoride for Caries Arrest: A Pilot Study Using Machine Learning. Frontiers Oral Heal 2, 695759. https://doi.org/10.3389/froh.2021.695759
Rugg‐Gunn, A.J., Do, L., 2012. Effectiveness of water fluoridation in caries prevention. Community Dent Oral 40, 55–64. https://doi.org/10.1111/j.1600-0528.2012.00721.x
Sheiham, A., James, W.P.T., 2014. A new understanding of the relationship between sugars, dental caries and fluoride use: implications for limits on sugars consumption. Public Health Nutr 17, 2176–2184. https://doi.org/10.1017/s136898001400113x
Wang, Q., Chen, X., Hu, H., Wei, X., Wang, X., Peng, Z., Ma, R., Zhao, Q., Zhao, J., Liu, J., Deng, F., 2021. Structural changes in the oral microbiome of the adolescent patients with moderate or severe dental fluorosis. Sci Rep-uk 11, 2897. https://doi.org/10.1038/s41598-021-82709-z
Whelton, H., Crowley, E., O’Mullane, D., Donaldson, M., Cronin, M., Kelleher, V., 2006. Dental caries and enamel fluorosis among the fluoridated population in the Republic of Ireland and non-fluoridated population in Northern Ireland in 2002. Community Dent Hlth 23, 37–43.
Whelton, H.P., Spencer, A.J., Do, L.G., Rugg-Gunn, A.J., 2019. Fluoride Revolution and Dental Caries: Evolution of Policies for Global Use. J Dent Res 98, 837–846. https://doi.org/10.1177/0022034519843495
WHO, 2019. Inadequate or excess fluoride: a major public health concern. World Health Organisation, Geneva.
Widyarman, A.S., Udawatte, N.S., Theodorea, C.F., Apriani, A., Richi, M., Astoeti, T.E., Seneviratne, C.J., 2021. Casein phosphopeptide–amorphous calcium phosphate fluoride treatment enriches the symbiotic dental plaque microbiome in children. J Dent 106, 103582. https://doi.org/10.1016/j.jdent.2021.103582
Wolff, D., Frese, C., Schoilew, K., Dalpke, A., Wolff, B., Boutin, S., 2019. Amplicon-based microbiome study highlights the loss of diversity and the establishment of a set of species in patients with dentin caries. Plos One 14, e0219714. https://doi.org/10.1371/journal.pone.0219714
Xin, J., Wang, H., Sun, N., Bughio, S., Zeng, D., Li, L., Wang, Y., Khalique, A., Zeng, Y., Pan, K., Jing, B., Ma, H., Bai, Y., Ni, X., 2021. Probiotic alleviate fluoride-induced memory impairment by reconstructing gut microbiota in mice. Ecotox Environ Safe 215, 112108. https://doi.org/10.1016/j.ecoenv.2021.112108
Xin, J., Zeng, D., Wang, H., Sun, N., Khalique, A., Zhao, Y., Wu, L., Pan, K., Jing, B., Ni, X., 2020. Lactobacillus johnsonii BS15 improves intestinal environment against fluoride-induced memory impairment in mice—a study based on the gut–brain axis hypothesis. Peerj 8, e10125. https://doi.org/10.7717/peerj.10125
Yan, X., Chen, X., Tian, X., Qiu, Y., Wang, J., Yu, G., Dong, N., Feng, J., Xie, J., Nalesnik, M., Niu, R., Xiao, B., Song, G., Quinones, S., Ren, X., 2021. Co-exposure to inorganic arsenic and fluoride prominently disrupts gut microbiota equilibrium and induces adverse cardiovascular effects in offspring rats. Sci Total Environ 767, 144924. https://doi.org/10.1016/j.scitotenv.2020.144924
Yasuda, K., Hsu, T., Gallini, C.A., Mclver, L.J., Schwager, E., Shi, A., DuLong, C.R., Schwager, R.N., Abu-Ali, G.S., Franzosa, E.A., Garrett, W.S., Huttenhower, C., Morgan, X.C., 2017. Fluoride Depletes Acidogenic Taxa in Oral but Not Gut Microbial Communities in Mice. Msystems 2, e00047-17. https://doi.org/10.1128/msystems.00047-17
Zheng, X., He, J., Wang, L., Zhou, S., Peng, X., Huang, S., Zheng, L., Cheng, L., Hao, Y., Li, J., Xu, J., Xu, X., Zhou, X., 2017. Ecological Effect of Arginine on Oral Microbiota. Sci Rep-uk 7, 7206. https://doi.org/10.1038/s41598-017-07042-w
Zhong, N., Ma, Y., Meng, X., Sowanou, A., Wu, L., Huang, W., Gao, Y., Pei, J., 2021. Effect of Fluoride in Drinking Water on Fecal Microbial Community in Rats. Biol Trace Elem Res 1–9. https://doi.org/10.1007/s12011-021-02617-1
Zhu, S., Liu, J., Han, B., Zhao, W., Zhou, B., Zhao, J., Wang, H., 2022. Fluoride exposure cause colon microbiota dysbiosis by destroyed microenvironment and disturbed antimicrobial peptides expression in colon. Environ Pollut 292, 118381. https://doi.org/10.1016/j.envpol.2021.118381
 






image2.tiff
Records identified in
Scopus
(n=115)

Records identified in
PubMed
(n=173)

" x

Records after
duplicate removal
(n=190)

l

Records manually
screened for
“Microbiome” and
“Fluoride”
(n=63)

}

Records screened
for studies in
humans or animals
(n=42)

SN\

Records excluded as
out of scope
(n=127)

Records excluded as
wholly in vitro or
environmental in

nature
(n=21)

Studies in humans

(n=22)

Studies in Animals

(n=20)





image1.png
Fluoride: Intake and
Absorption

Water (1.86 pg/Kg/day)

Physiological and
Microbiome Impact

Food (5-28 pg/Kg/day)
Toothpaste (1.4 pg/Kg/day)

HF absorbed in stomach
and small intestine

Excretion: feces (10%)
and urine (50-70%)

Oral Cavity

Caries prevention
Dental fluorosis (>100 pg/Kg/day)
Reduced S. mutans?

Skeletal System

Fractures (>100 pg/Kg/day)
Skeletal fluorosis (>120 pg/Kg/day)

Intestines

In rodent models acute toxicity
causes intestinal damage and
microbiome dysbiosis. The effects
of typical daily fluoride intake on
the human microbiome requires
further research.





