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Abstract

:

Fluorides are compounds that can be found in the minerals of soil with volcanic rocks. Different populations are exposed to high levels of fluorides through drinking water that, due to their chronic intake, cause several types of damage to health. Nails and hair, denominated as recent biomarkers, have been employed for monitoring systemic fluoride from long-term exposure to fluorides. The aim of this study was to perform a systematic review of the use of recent biomarkers for monitoring systemic fluoride levels in exposed populations and verify their validity in the measurement of the fluorine (F−) concentration within the body. A digital search was performed in the databases PubMed/Medline, Springer Link, Cochrane, and Scopus of original articles that employed recent biomarkers for monitoring systemic F−. Seventeen articles were included in this analysis; the recorded variables were the F− amount in each assessed biomarker, source of exposure, and total daily fluoride intake (TDFI). TDFI was associated with F− in nails and hair, as well as the exposure through drinking water. In conclusion, recent biomarkers are adequate for monitoring the systemic fluoride levels by evaluating the chronic/subchronic exposure through different sources, mainly drinking water, considering nails better than hair for this purpose.
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1. Introduction


Fluorides are compounds formed by the combination of fluorine (F−), an electronegative gas, with other elements, and can be found in areas whose soil has high content of volcanic rocks [1,2]. In these areas, populations are at significant risk of health impairment due to the constant exposure to fluorides that leads to a greater consumption of these compounds through several sources [3]. The main source of exposure to fluorides is the drinking water that comes from underground deposits. Fluoride intake provides beneficial effects in the prevention of dental caries when these compounds are found in a concentration between 0.5 and 1.0 mg/L, but when chronically consumed in higher concentrations than recommended, fluorosis, a condition that may occur in animals and humans and affects several organs and systems, can develop, involving subclinical and clinical manifestations [2,4,5].



Around 25 countries in the world are affected by high concentrations of fluorides in drinking water, which comprise 62 million people that are susceptible to developing side effects caused by toxicity [4,5]. Sri Lanka, Ethiopia, Kenya, Iran, China, Mexico, and Argentina, among others, are places where the consumption of grown food from the affected areas adds more intake of fluorides together with the high levels in drinking water [6,7,8,9,10].



Diet is a main source of intake to be considered, since almost all food has a certain amount of fluorides. The levels of these compounds in meat, fruits, and vegetables are usually low. Nonetheless, the concentrations in canned fish like salmon and sardine are elevated, with higher fluoride content in fish from the sea than in those from river water [11,12].



Tea is another important source of fluoride consumption in countries like the Republic of Ireland, New Zealand, and Australia, where it is prepared as an infusion. Meanwhile, in places like India, China, and Egypt, tea is boiled in water, which increases the fluoride concentration [13,14].



Other products that may increase the fluoride intake are dentifrices, drugs, and food with pesticide residues as a result of pollution [15,16].



Due to this public health concern, the World Health Organization has established different biomarkers that have been used to evaluate the exposure to fluorides, such as the historical biomarkers, like bones and teeth, which retain the highest F− quantity in the body; contemporary biomarkers, like blood (plasma), urine, and saliva, which help to detect the levels that are found temporarily after acute intake of fluoride; and finally, those that are called recent biomarkers, which, due to their different advantages, such as obtaining, storage, and processing, have been employed as an emergent and potential alternative for this assessment in contemporary studies [17,18,19,20].



Because there is no consensus regarding which is the most suitable biomarker for assessing the exposure to fluorides, with both nails and hair having been used as novel and emergent biomarkers for this measurement, the aim of the present study was to perform a systematic review of the recent biomarkers that have been employed for monitoring the systemic fluoride levels in exposed populations in association with the sources of intake, and then analyze their biological features, their usefulness in evaluating the exposure to these compounds, and the differences among the rest of the biomarkers.




2. Material and Methods


2.1. Protocol and Registration


The protocol of the current systematic review was performed according to the PRISMA guidelines [21], and was previously registered in the database of the International Prospective Register of Systematic Reviews (PROSPERO), with registration number CRD42020167132.




2.2. Eligibility Criteria


2.2.1. Inclusion Criteria


The articles that fulfilled the following inclusion criteria were selected: (1) studies that evaluated the exposure to fluorides through recent biomarkers nails and hair, whether by comparing any of these with a different type of biomarker, comparing these biomarkers with each other, or performing the independent evaluation of any of them; (2) articles for which the publication date was from 1 January 2000 to 31 March 2020; (3) studies in the English language; (4) original studies performed on humans.




2.2.2. Exclusion Criteria


The exclusion criteria that were considered for the article selection included the following: (1) studies that evaluated the exposure to fluorides through other biomarkers that did not include those established in the current study; (2) studies that evaluated the exposure to fluorides through recent biomarkers in other animal species; (3) studies that were not originals, such as reviews, letters to editor, or others.





2.3. Information Sources


A digital search of the literature was carried out in the main databases, such as PubMed/Medline, Springer link, Cochrane, and Scopus, by using medical subject headings (MeSH) and related terms to recent biomarkers of exposure to fluorides.




2.4. Search


The keywords that were employed for the advanced search in each database were: fluoride biomarkers, recent fluoride biomarkers, nails and hair, altogether the Booleans AND, OR, and NOT, using the following terms without abbreviations: “Fluoride biomarkers” OR “recent fluoride biomarkers” AND “nails” OR “hair”, “fluoride biomarkers” OR “recent fluoride biomarkers” AND “nails” NOT “hair”, “fluoride biomarkers” OR “recent biomarkers and fluorides” AND “hair” NOT “nails”. Open access articles were retrieved and those with restricted access were retrieved through institutional access.




2.5. Study Selection


First, two independent reviewers performed the screening of title and abstract of each included article according to eligibility criteria. Then, the content of the abstract of each study was analyzed and those articles with relevant information regarding the subject of the current review were selected. Finally, the selected articles were evaluated through full-text analysis in order to determine which of them would be useful for the elaboration of the systematic review. Each reviewer made a list with the names of the articles, which was updated in every described step until defining the final relation of the included studies.




2.6. Data Collection Process


The qualitative required data for the study were collected according to standardized forms that contained the most important variables to analyze regarding the subject of the systematic review and the selected articles. This process was performed independently and in duplicate by each reviewer in order to compare the recorded information and correct the differences that were found during this step. In case of disagreement between reviewers, a third reviewer was involved in order to resolve it. Finally, both reviewers completed once again the forms for each study with the corrected information.




2.7. Data Items


The variables included and analyzed were: place of the study, year of publication of the study, number of participants, gender, range of age of the participants, study design, employed biomarkers, and sources of exposure to fluorides.




2.8. Risk of Bias Assessment


The Cochrane Collaboration’s tool was employed to evaluate risk of bias in the selected studies, which includes the following domains: bias arising from the randomization process, bias due to deviations from intended interventions, bias due to missing outcome data, bias in measurement of the outcome, and bias in selection of the reported results. A description of each domain was made by two independent reviewers according to the information that was evaluated within the studies and a specific grade was given to each domain by using the terms “low risk”, “some concerns”, and “high risk”, as well as an average of the detected risk. Disagreements were discussed, and if needed, were resolved by a third reviewer. The RoB 2 assessment tool was used for the elaboration of the risk of bias figures [22].




2.9. Summary Measures


The included measures were the mean and standard deviation (SD) of the F− amount from different sources of exposure to fluorides, range of age of the participants of each study, mean and SD of the measured F− from each analyzed biomarker, and the p-value in order to support the significant correlations of the reported results regarding the levels of exposure to fluorides through the considered sources and the biomarkers.




2.10. Synthesis of the Results


The data from each analyzed study were recorded in a database employing the software Microsoft Excel and were organized according to the variables of interest in order to simplify the interpretation and comparison of the results.





3. Results


From the electronic search, a total of 279 articles were registered, of which 17 fulfilled the inclusion criteria after a full-text evaluation, and hence, were included in the systematic review. Figure 1 shows the PRISMA flow diagram with the evaluation and selection process of the chosen studies.



3.1. Risk of Bias


Six studies (6/17) presented a low risk of bias, followed by eight studies with some concerns (8/17), and finally, three studies showed high risk (3/17). Figure 2 shows the obtained results of the risk of bias analysis in individual studies according to the evaluated domains. Excluding the first domain (1/6), some concerns and high risk of bias predominated in the assessment of the rest of the domains (5/6), with an overall risk that was over 50% by considering both results. Figure 3 includes the results of the risk of bias across studies analysis, with the given grade for each domain from all the included studies. Despite the result of the risk of bias analysis, the content of the selected articles was relevant for the development of the current review.




3.2. Study Characteristics


From the total of the included articles, 14 (82%) evaluated nails as a biomarker for the F− measurement and 5 (30%) assessed hair. Besides including nails and hair, eight articles (47%) included urine, plasma, or saliva; six studies (35%) employed only nails: of these, two evaluated toenails as well as fingernails, two measured fingernails, and two used toenails; two studies (12%) used hair as a single biomarker; finally, only one study (6%) included exclusively both nails and hair for their comparison.



Most of the studies were published from the year 2010 to 2020 (14/17) and the rest were published from 2000 to 2009 (3/17). The study design of 6 studies was longitudinal (35%) and 11 studies were cross-sectional (65%). Table 1 shows the studies in which the F− levels in fingernails were measured. Table 2 includes the studies in which the F− levels in toenails were quantified. Table 3 presents the studies in which the F− levels in hair were measured. Overall, higher F− levels were observed in the recent biomarkers by considering a higher exposure to fluorides. Moreover, F− content in hair was lower than in nails in those studies that assessed both biomarkers. Table 4 shows the comparison between the main biomarkers employed for monitoring exposure to fluorides and their characteristics. Nails, hair, plasma, saliva, urine, teeth, and bone were included.





4. Discussion


Biological human monitoring has been applied as a tool that helps evaluate the health damage in the populations around the world through the evaluation of several biomarkers that provide information on the susceptibility for developing toxic effects as a result of any type of exposure [23].



One of the elements that has been widely studied due to its well-known effects in the body is F−, whose main source of intake is the naturally fluoridated drinking water for human consumption. When F− is chronically consumed above the recommended concentrations, fluorosis can develop, which is a condition that affects several organs. Teeth are the first tissues damaged, followed by other structures like bones, kidneys, liver, and cardiovascular, reproductive, endocrine, and central nervous systems [2,3,4,24].



Diverse biomarkers have been employed in order to assess the exposure to fluorides and the systemic F−, and these are divided into different types according to the biological features shared between them [17].



Nails and hair can be highlighted for their capability of reflecting the short-term and long-term exposure to fluorides (from months to years), non-invasive access, and long storage periods without degradation or loss of properties, and because both are supplied by blood during the growth stage, these present the average concentration of plasma fluoride levels from chronic intake [23,25,26,27]. Furthermore, both nails and hair as keratinized matrices share histological features that make them able to attach different types of elements, which is useful for the toxicological evaluation in several research areas [28].



4.1. Nails as Biomarkers for Monitoring Fluoride Exposure


Due to the previously described features, nails have been considered as potential biomarkers for monitoring the authentic exposure to fluorides of different populations, mainly through the intake of fluoridated drinking water. According to what was found throughout the systematic review, most of the included studies agree with nails being adequate biomarkers for monitoring chronic/subchronic exposure to these compounds.



The studies performed by Buzalaf et al. demonstrated that nails, specifically toenails, are more sensitive to evaluate subchronic exposure to fluorides. Values tend to increase with age and are associated with the intake of fluoride when these levels are higher than normal, highlighting that it is necessary to consider the growth rate and length together with the exposure time [29,30,31].



Corrêa-Rodrigues et al. (2004) agree with the validity of using nails for monitoring subchronic exposure to fluorides from the use of fluoridated dentifrices in children between 2 and 3 years old, adding the consumption of artificially fluoridated water. In this study, no significant differences were found between the F− concentration in fingernails or toenails and the intake of fluorides (p = 0.558), but there was a positive significant correlation between both biomarkers (r = 0.571, p < 0.01) [32].



The report by Fukushima et al. (2009) highlighted the preferential use of toenails rather than fingernails when monitoring the systemic F− levels in individuals from communities with different fluoride concentrations in drinking water that employed fluoridated dentifrice in distinct age groups. An important finding was that the highest F− concentration was found in the oldest groups from the communities with higher fluoride levels in water, showing significant differences (p < 0.001). Moreover, it was pointed out that women tend to have a higher F− concentration in this biomarker [26].



In another study conducted by Linhares et al. (2016), the F− concentration in fingernails of girls and women from different communities was evaluated. Positive significant correlations were found between the measured F− and daily intake, in both girls (r = 0.475, p < 0.001) and women (r = 0.495, p < 0.001). Thus, the authors concluded that nails are reliable biomarkers for monitoring the systemic F− levels regarding short-term and long-term exposures [33].



Some studies performed the comparison of the exposure to fluorides in more than two biomarkers, including nails, where similar results were found regarding their validity for monitoring systemic F− from different sources of intake.



Idowu et al. (2020) quantified the F− levels in urine, saliva, plasma, hair, fingernails, and toenails that were obtained from children that lived in different communities with low and high concentration of fluorides in drinking water in order to verify the association between exposure and the total daily fluoride intake (TDFI). These authors found a positive significant correlation between TDFI and F− in both fingernails and toenails (p < 0.001), with the important difference of toenails presenting a stronger correlation (ρ = 0.604) than fingernails (ρ = 0.470) [34].



A study conducted by Sankhala et al. (2014) compared the F− levels in serum, urine, and toenails in individuals older than 20 years old from communities with high concentration of fluorides in drinking water. Higher F− concentrations were found in toenails in association with high fluoride levels in drinking water, which supports the potential use of this biomarker for monitoring exposure considered as chronic/subchronic [27].



On the other hand, some studies of this review disagree with nails being suitable biomarkers for monitoring the systemic fluoride levels when several sources of intake are considered besides drinking water, or when compared with a biomarker with different features.



Carvalhoa et al. (2017) quantified the F− content of toenail samples obtained from children between 4 and 6 years old in a community with optimal fluoride levels in drinking water. The results showed no significant association between the biomarker and all the considered variables (p > 0.05) [35].



De Sousa et al. (2018) used toenails and fingernails for monitoring the systemic F− levels in children from an area where drinking water was naturally fluoridated and another with nonfluoridated drinking water, considering other sources of intake. The main finding of this study pointed out that nails may be employed to reveal this exposure, with significant differences between the F− content in toenails of each community (p < 0.05). The authors determined that urine is better for predicting TDFI, unlike nails that did not present a significant association with this variable. Finally, it was concluded that nails are inadequate for monitoring exposure from fluoridated dentifrices [36].



Lima-Arsati et al. (2010) evaluated fingernail samples of children between 1 and 3 years old in order to verify whether these biomarkers were adequate to determine the authentic exposure from the use of fluoridated dentifrice, by considering the fluoride levels in drinking water and diet. No significant differences were found in the biomarker from the period where fluoridated dentifrice was used in comparison to the free fluoridated dentifrice period (p = 0.49). Hence, the authors considered that nails may not be a reliable biomarker for monitoring the exposure from the use of fluoridated dentifrices [37].



Rango et al. (2017) evaluated the F− amount in urine and fingernails in individuals between 10 and 50 years old from different communities considering the TDFI from the consumption of drinking water. The authors found significant differences between the fluoride level in the drinking water of each group and the F− content in fingernails (p < 0.001), but this was not the same for the age and gender (p > 0.05). Furthermore, the authors concluded that urine was a better indicator with a higher sensibility for monitoring immediate exposure [5].



A study conducted by Charone et al. (2012) assessed the fluoride levels in nails in order to find whether the prevalence of dental caries was related or not, without considering any source of exposure. No associations were found between the biomarker and dental caries (p > 0.05) [38].



It could be established that nails are adequate as biomarkers for monitoring the systemic fluoride levels from a long-term exposure, although these may not be as sensitive for monitoring exposure from fluoridated dentifrices when its intake is considered solely. Moreover, toenails have demonstrated to be better biomarkers than fingernails, a fact that could be explained by their lower environmental exposure and slower growth rate.




4.2. Hair as Biomarker for Monitoring Fluoride Exposure


The findings of the gathered studies in the systematic review revealed promising results regarding the use of hair as a biomarker for evaluating long-term exposure to fluorides when the drinking water is considered as the main source of intake, although this is only reported in the studies where it is employed solely or adding a different type of biomarker.



Antonijevic et al. (2016) obtained hair and urines samples of children from 7 to 15 years old for monitoring the F− levels and determined their relationship to the exposure from different fluoride levels in drinking water. A positive lineal correlation was found in both biomarkers regarding the fluoride levels in drinking water (r = 0.92 in urine and r = 0.94 in hair). Hair was considered a better biomarker for monitoring the exposure to fluorides from drinking water [39].



In a study conducted by Joshi and Ajithkrishnan (2018), hair samples were collected from individuals with a range of age between 35 and 60 years old from endemic and nonendemic fluoride areas in order to assess the F− content. The authors found higher F− levels in hair of individuals from the endemic fluoride area (p < 0.001) which proved that this biomarker was adequate for monitoring the chronic exposure to fluorides [40].



This agrees with the report by Parimi et al. (2013) of research performed in individuals between 35 and 60 years old from an area with high and low concentration of fluorides in drinking water, of which the F- content of the obtained hair samples was measured. The biomarker of the participants from the area with high fluoride levels in drinking water had higher F− content in comparison to the control area (p = 0.000). Hence, hair was considered adequate for monitoring long-term exposure to fluorides [20].



This information indicates that hair is a useful as biomarker for monitoring and comparing systemic fluoride levels of individuals in areas with high and low exposure to fluorides considering drinking water as the main source of consumption.



On the other hand, the study performed by Idowu et al. (2020) indicated that hair may not be an adequate biomarker for determining the exposure to fluorides through consumption of drinking water since, in comparison to the rest of the assessed biomarkers, this had the weakest correlation to TDFI (p = 0.027, ρ = 0.306) [34].



This may indicate that the F− quantified in hair is not as accurate as that present in other biomarkers for monitoring the authentic long-term exposure to fluorides. Thus, it may be necessary to use an additional biomarker to assess this chronic/subchronic exposure, like nails, in order to support the obtained results from hair.




4.3. Comparison between Nails and Hair


Only one study, which was performed by Elekdag-Turk et al. (2019), compared exclusively both nails and hair, where the content of F− in the samples of individuals from an endemic and nonendemic fluorosis area was quantified. In both biomarkers, higher F− levels were found in the endemic fluorosis area, showing significant differences (p < 0.001 for nails; p = 0.004 for hair). Although it was established that nails and hair were adequate biomarkers for monitoring the exposure to fluorides, toenails had more sensitivity for this purpose [25].



This agrees with the report by Idowu et al. (2020), which indicated that toenails were better in comparison to hair for recognizing the most accurate exposure to fluorides [34].



The findings of this review indicate that, despite the similarities of the protein elements that nails and hair have, nails are better biomarkers for monitoring the systemic fluoride levels from a chronic/subchronic exposure, mainly through drinking water consumption and considering TDFI.




4.4. Comparison between Recent Biomarkers and the Rest of the Employed Biomarkers of Fluoride Exposure


When comparing nails and hair with the rest of the biomarkers, the first present some advantages that make them an adequate alternative for monitoring the exposure to fluorides (Table 4).



Although historical biomarkers, which include mineralized tissues such as bone and teeth, contain most of the F− burden in the body retained from a long-term exposure, obtaining them is considered invasive because it can only be achieved by surgical procedures. Furthermore, their content can be affected by several events (age, remodeling rate, anatomic site, and genetic background). Contemporary biomarkers, which are fluids such as plasma, saliva, and urine, only reflect the immediate intake of fluorides from a short-term exposure; of these, urine is the most suitable for this purpose, due to the rest of them having some limitations in their use (e.g., saliva is affected by topical F− concentration in the oral cavity and the collection of plasma is considered invasive). Thus, it is necessary to establish the objectives of monitoring the systemic F− levels in individuals from a specific population and to consider what are the conditions to be assessed in order to choose the most suitable biomarker [17,18].



The limitations of this review are the scarce populations that have been assessed by employing the recent biomarkers despite the importance of evaluating the exposure to fluorides, which is reflected in a small number of included studies in this analysis, even in the considered period for the inclusion of the found articles from the electronic search. This was more evident in the use of hair as the main biomarker in comparison to nails, which could be due to the acceptance of researchers and the study individuals regarding the advantages of using nails. Thus, it is necessary to develop further studies in this area that can support the information that is reported so far, and then, provide more validity to the use of the recent biomarkers.





5. Conclusions


Nails and hair, as recent biomarkers, are the most adequate elements for monitoring the systemic fluoride levels in association with chronic/subchronic exposure through different sources, mainly the drinking water for human consumption, and considering the TDFI. The findings of this study indicate that nails, specifically toenails, are better than hair and the rest of the known biomarkers for this evaluation due to their biological features, ease of collection, processing, and reliable F− levels recorded from their measurement.



The relevance of these findings focuses on the selection of the most adequate biomarker for the assessment of the exposure to fluorides. Thus, nails and hair should be considered as the first choice in further studies that aim to monitor the authentic long-term exposure to fluorides and the developed damage to health.







Author Contributions


All authors participated in the development of this study. J.L.-C. and N.M.-F. performed the digital search, selection, analysis, and extraction of the information. R.B.-M., L.S.-P., R.G.-G., and A.H.-P. drafted the manuscript. J.L.-C., N.M.-F., and D.C. performed the risk of bias assessment strategy. M.N.-R., R.G.-G., and L.S.-P. made all the tables and figures. N.M.-F., M.A.I.-E., and R.B.-M. reviewed and approved the final version of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the National Council of Science and Technology (CONACyT No. 1014264) and the Autonomous Metropolitan University.




Institutional Review Board Statement


This study was reviewed and approved by the Ethics Committee of Metropolitan Autonomous University, Xochimilco, DCBS#3450491-CE.2018.009.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yadav, K.K.; Kumar, S.; Pham, Q.B.; Gupta, N.; Rezania, S.; Kamyab, H.; Yadav, S.; Vymazal, J.; Kumar, V.; Tri, D.Q.; et al. Fluoride contamination, health problems and remediation methods in Asian groundwater: A comprehensive review. Ecotoxicol. Environ. Saf. 2019, 182, 109362. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Guidelines for Drinking-Water Quality: Fourth Edition Incorporating First Addendum; WHO: Geneva, Switzerland, 2017. [Google Scholar]

	



Kurdi, M.S. Chronic fluorosis: The disease and its anaesthetic implications. Indian J. Anaesth. 2016, 60, 157–162. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, D.; Singh, A.; Verma, K.; Paliwal, S.; Sharma, S.; Dwivedi, J. Fluoride: A review of pre-clinical and clinical studies. Environ. Toxicol. Pharmacol. 2017, 56, 297–313. [Google Scholar] [CrossRef] [PubMed]

	



Rango, T.; Vengosh, A.; Jeuland, M.; Whitford, G.M.; Tekle-Haimanot, R. Biomarkers of chronic fluoride exposure in groundwater in a highly exposed population. Sci. Total Environ. 2017, 596–597, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Dharmaratne, R.W. Fluoride in drinking water and diet: The causative factor of chronic kidney diseases in the North Central Province of Sri Lanka. Environ. Health Prev. Med. 2015, 20, 237–242. [Google Scholar] [CrossRef]

	



Demelash, H.; Beyene, A.; Abebe, Z.; Melese, A. Fluoride concentration in ground water and prevalence of dental fluorosis in Ethiopian Rift Valley: Systematic review and meta-analysis. BMC Public Health 2019, 19, 1298. [Google Scholar] [CrossRef]

	



Wambu, E.W.; Agong, S.G.; Anyango, B.; Akuno, W.; Akenga, T. High fluoride water in Bondo-Rarieda area of Siaya County, Kenya: A hydro-geological implication on public health in the Lake Victoria Basin. BMC Public Health 2014, 14, 462. [Google Scholar] [CrossRef]

	



Yousefi, M.; Asghari, F.; Zuccarello, P.; Gea, O.C.; Ejlali, A.; Mohammadi, A.; Ferrante, M. Spatial Distribution Variation and Probabilistic Risk Assessment of Exposure to Fluoride in Ground Water Supplies: A Case Study in an Endemic Fluorosis Region of Northwest Iran. Int. J. Environ. Res. Public Health 2019, 16, 564. [Google Scholar] [CrossRef]

	



Molina-Frechero, N.; Sanchez-Perez, L.; Castaneda-Castaneira, E.; Oropeza-Oropeza, A.; Gaona, E.; Salas-Pacheco, J.; Bologna-Molina, R. Drinking water fluoride levels for a city in northern Mexico (durango) determined using a direct electrochemical method and their potential effects on oral health. Sci. World J. 2013, 2013, 186392. [Google Scholar] [CrossRef]

	



Chowdhury, C.; Khijmatgar, S.; Kumari, D.P.; Chowdhury, A.; Grootveld, M.; Hegde, C.; Lynch, E. Fluoride in fish flesh, fish bone and regular diet in south-coastal area of Karnataka state of India. Indian J. Dent. Res. 2018, 29, 414–417. [Google Scholar] [CrossRef]

	



Ganta, S.; Yousuf, A.; Nagaraj, A.; Pareek, S.; Sidiq, M.; Singh, K.; Vishnani, P. Evaluation of Fluoride Retention Due to Most Commonly Consumed Estuarine Fishes Among Fish Consuming Population of Andhra Pradesh as a Contributing Factor to Dental Fluorosis: A Cross-Sectional Study. J. Clin. Diagn. Res. 2015, 9, ZC11–ZC15. [Google Scholar] [CrossRef] [PubMed]

	



Waugh, D.T.; Potter, W.; Limeback, H.; Godfrey, M. Risk Assessment of Fluoride Intake from Tea in the Republic of Ireland and its Implications for Public Health and Water Fluoridation. Int. J. Environ. Res. Public Health 2016, 13, 259. [Google Scholar] [CrossRef]

	



Waugh, D.; Godfrey, M.; Limeback, H.; Potter, W. Black Tea Source, Production, and Consumption: Assessment of Health Risks of Fluoride Intake in New Zealand. J. Environ. Public Health 2017, 2017, 5120504. [Google Scholar] [CrossRef]

	



Reshetnyak, V.Y.; Nesterova, O.V.; Admakin, O.I.; Dobrokhotov, D.A.; Avertseva, I.N.; Dostdar, S.A.; Khakimova, D.F. Evaluation of free and total fluoride concentration in mouthwashes via measurement with ion-selective electrode. BMC Oral Health 2019, 19, 251. [Google Scholar] [CrossRef] [PubMed]

	



Jiménez-Farfán, M.D.; Hernández-Guerrero, J.C.; Juárez-López, L.A.; Jacinto-Alemán, L.F.; de la Fuente-Hernández, J. Fluoride consumption and its impact on oral health. Int. J. Environ. Res. Public Health 2011, 8, 148–160. [Google Scholar] [CrossRef] [PubMed]

	



Pessan, J.P.; Buzalaf, M.R.A. Historical and recent biological markers of exposure to fluoride. In Fluoride and the Oral Environment; Karger Publishers: Basel, Switzerland, 2011; Volume 22, pp. 52–65. [Google Scholar] [CrossRef]

	



Rugg-Gunn, A.J.; Villa, A.E.; Buzalaf, M.R.A. Contemporary biological markers of exposure to fluoride. In Fluoride and the Oral Environment; Karger Publishers: Basel, Switzerland, 2011; Volume 22, pp. 37–51. [Google Scholar] [CrossRef]

	



Rigo, L.; Cericato, G.O.; Sabadin, C.S.; Solda, C.; Mário, D.N.; Buzalaf, M.A.R. Fingernails as a biomarker for dental fluorosis. J. Hum. Growth Dev. 2018, 28, 82–88. [Google Scholar] [CrossRef]

	



Parimi, N.; Viswanath, V.; Kashyap, B.; Patil, P.U. Hair as biomarker of fluoride exposure in a fluoride endemic area and a low fluoridated area. Int. J. Trichol. 2013, 5, 148–150. [Google Scholar] [CrossRef]

	



Moher, D.; Shamseer, L.; Clarke, M.; Ghersi, D.; Liberati, A.; Petticrew, M.; Shekelle, P.; Stewart, L.A. Preferred reporting items for systematic review and meta-analysis protocols (PRISMA-P) 2015 statement. Syst. Rev. 2015, 4, 1. [Google Scholar] [CrossRef]

	



Higgins, J.P.T.; Thomas, J.; Chandler, J.; Cumpston, M.; Li, T.; Page, M.; Welch, V. Cochrane Handbook for Systematic Reviews of Interventions Version 6.0 (Updated July 2019). Available online: https://training.cochrane.org/handbook/current (accessed on 29 January 2020).

	



Alves, A.; Kucharska, A.; Erratico, C.; Xu, F.; Den Hond, E.; Koppen, G.; Vanermen, G.; Covaci, A.; Voorspoels, S. Human biomonitoring of emerging pollutants through non-invasive matrices: State of the art and future potential. Anal. Bioanal. Chem. 2014, 406, 4063–4088. [Google Scholar] [CrossRef]

	



Wei, W.; Pang, S.; Sun, D. The pathogenesis of endemic fluorosis: Research progress in the last 5 years. J. Cell. Mol. Med. 2019, 23, 2333–2342. [Google Scholar] [CrossRef]

	



Elekdag-Turk, S.; Almuzian, M.; Turk, T.; Buzalaf, M.A.R.; Alnuaimi, A.; Dalci, O.; Darendeliler, M.A. Big toenail and hair samples as biomarkers for fluoride exposure–a pilot study. BMC Oral Health 2019, 19, 82. [Google Scholar] [CrossRef] [PubMed]

	



Fukushima, R.; Rigolizzo, D.S.; Maia, L.P.; Sampaio, F.C.; Lauris, J.R.; Buzalaf, M.A. Environmental and individual factors associated with nail fluoride concentration. Caries Res. 2009, 43, 147–154. [Google Scholar] [CrossRef] [PubMed]

	



Sankhala, S.S.; Harshwal, R.; Paliwal, P.; Agarwal, A. Toe nails as a biomarker of chronic fluoride exposure secondary to high water fluoride content in areas with endemic fluorosis. Fluoride 2014, 47, 235–240. [Google Scholar]

	



Solimini, R.; Minutillo, A.; Kyriakou, C.; Pichini, S.; Pacifici, R.; Busardo, F.P. Nails in Forensic Toxicology: An Update. Curr. Pharm. Des. 2017, 23, 5468–5479. [Google Scholar] [CrossRef]

	



Buzalaf, M.A.; Pessan, J.P.; Alves, K.M. Influence of growth rate and length on fluoride detection in human nails. Caries Res. 2006, 40, 231–238. [Google Scholar] [CrossRef]

	



Buzalaf, M.A.R.; Rodrigues, M.H.C.; Pessan, J.P.; Leite, A.L.; Arana, A.; Villena, R.S.; Forte, F.D.S.; Sampaio, F.C. Biomarkers of Fluoride in Children Exposed to Different Sources of Systemic Fluoride. J. Dent. Res. 2011, 90, 215–219. [Google Scholar] [CrossRef]

	



Buzalaf, M.A.; Massaro, C.S.; Rodrigues, M.H.; Fukushima, R.; Pessan, J.P.; Whitford, G.M.; Sampaio, F.C. Validation of fingernail fluoride concentration as a predictor of risk for dental fluorosis. Caries Res. 2012, 46, 394–400. [Google Scholar] [CrossRef]

	



Corrêa Rodrigues, M.H.; de Magalhães Bastos, J.R.; Rabelo Buzalaf, M.A. Fingernails and toenails as biomarkers of subchronic exposure to fluoride from dentifrice in 2- to 3-year-old children. Caries Res. 2004, 38, 109–114. [Google Scholar] [CrossRef]

	



Linhares, D.P.S.; Garcia, P.V.; Amaral, L.; Ferreira, T.; Cury, J.A.; Vieira, W.; dos Rodrigues, A.S. Sensitivity of two biomarkers for biomonitoring exposure to fluoride in children and women: A study in a volcanic area. Chemosphere 2016, 155, 614–620. [Google Scholar] [CrossRef]

	



Idowu, O.S.; Duckworth, R.M.; Valentine, R.A.; Zohoori, F.V. Biomarkers for the Assessment of Fluoride Exposure in Children. Caries Res. 2020, 54, 134–143. [Google Scholar] [CrossRef]

	



Carvalhoa, C.A.P.; Carvalho, F.S.; Grizzo, L.; Lauris, J.R.P.; Buzalaf, M.; Peresa, S.H.C. Toenail fluoride ion concentrations, dental fluorosis in the primary dentition, and various sociobehavioral factors in children living in a fluoridated city in Brazil. Fluoride 2017, 50, 269–275. [Google Scholar]

	



De Sousa, E.; Alves, V.; Maia, F.; Nobre dos Santos, M.; Forte, F.; Sampaio, F. Influence of Fluoridated Groundwater and 1,100 Ppm Fluoride Dentifrice on Biomarkers of Exposure to Fluoride. Braz. Dent. J. 2018, 29, 475–482. [Google Scholar] [CrossRef] [PubMed]

	



Lima-Arsati, Y.B.; Martins, C.C.; Rocha, L.A.; Cury, J.A. Fingernail may not be a reliable biomarker of fluoride body burden from dentifrice. Braz. Dent. J. 2010, 21, 91–97. [Google Scholar] [CrossRef] [PubMed]

	



Charone, S.; Bertolini, M.; Gonçalves, R.M.; Loivos, A.C.; Grizzo, L.; Buzalaf, M.; Groisman, S. Lack of a significant relationship between toenail fluoride concentrations and caries prevalence. Fluoride 2012, 45, 133–137. [Google Scholar]

	



Antonijevic, E.; Mandinic, Z.; Curcic, M.; Djukic-Cosic, D.; Milicevic, N.; Ivanovic, M.; Carevic, M.; Antonijevic, B. “Borderline” fluorotic region in Serbia: Correlations among fluoride in drinking water, biomarkers of exposure and dental fluorosis in schoolchildren. Environ. Geochem. Health 2016, 38, 885–896. [Google Scholar] [CrossRef]

	



Joshi, N.A.; Ajithkrishnan, C.G. Scalp Hair as Biomarker for Chronic Fluoride Exposure among Fluoride Endemic and Low Fluoride Areas: A Comparative Study. Int. J. Trichol. 2018, 10, 71–75. [Google Scholar] [CrossRef]








[image: Ijerph 18 00317 g001 550] 





Figure 1. PRISMA flow chart for the systematic review. From the 279 articles found in the four databases included in the search, 17 studies were selected in this study for their analysis. 
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Figure 2. Risk of bias in individual studies. Some concerns of bias predominated in most of the assessed studies, followed by low risk of bias, and finally, high risk of bias. 
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Figure 3. Risk of bias across studies. Excluding the first domain, some concerns and high risk of bias predominated in the rest of them, indicating an important bias by considering the results of all the studies. 
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Table 1. Fluoride concentration in fingernails.






Table 1. Fluoride concentration in fingernails.





	
Author

	
n

	
M

	
F

	
Age (yrs)

	
Design

	
Fluoride Exposure ± SD

	
Mean F− ± SD (µg/g)

	
p-Value






	
Buzalaf et al. (2006)

	
10

	
NS

	
NS

	
20–35

	
Longitudinal

	
a 0.6

	
1.48

	
<0.01




	
b, c 1.626 ± 0.774




	
Buzalaf et al. (2011)

	
121

	
NS

	
NS

	
4–6

	
Cross-sectional

	
d 0.6–0.8

	
2.11 ± 0.90

	
<0.001




	
b, c 0.065 ± 0.03




	
d 0.6–0.9

	
3.38 ± 1.98




	
b, c 0.084 ± 0.029




	
b, c, e 0.088 ± 0.044

	
6.09 ± 2.21




	
f 250/1.0

	
2.62 ± 0.82




	
b, c 0.088 ± 0.052




	
b, c 0.027 ± 0.022

	
1.93 ± 0.82




	
Buzalaf et al. (2012)

	
56

	
30

	
26

	
2–7

10–15

	
Longitudinal

	
d 0.1

	
1.75 ± 0.46

	
<0.001




	
d 0.6–0.8

	
3.01 ± 1.36




	
d 2.3

	
6.28 ± 2.69




	
Corrêa-Rodrigues et al. (2004)

	
10

	
NS

	
NS

	
2–3

	
Longitudinal

	
d 0.6–0.8

c 1571

	
2.71 ± 0.97

(for the first 4 weeks and the last 6 weeks)

	
<0.01




	
Fukushima et al.

(2009)

	
300

	
NS

	
NS

	
3–7

14–20

30–40

50–60

	
Longitudinal

	
d 0.09 ± 0.01, c *

	
1.54 ± 0.10

	
<0.001




	
d 0.15 ± 0.01, c *

	
1.54 ± 0.10




	
d 0.66 ± 0.01, c *

	
1.93 ± 0.15




	
d 0.72 ± 0.02, c *

	
6.04 ± 0.84




	
d 1.68 ± 0.08, c *

	
6.08 ± 0.54




	
Mean

	
3.55 ± 0.24




	
Idowu et al.

(2020)

	
61

	
NS

	
NS

	
4–6

	
Cross-sectional

	
d 0.04

	
3.237 ± 2.636

	
<0.001




	
d 3.05

	
10.420 ± 3.761




	
Lima-Arsati et al.

(2010)

	
23

	
10

	
3

	
1–3

	
Longitudinal

	
d 0.72

b, c 0.086 ± 0.032

	

	




	
2.57 ± 1.49

	
0.165




	
b 0.040 ± 0.009

	
3.33 ± 1.41

	
0.701




	
Linhares et al.

(2016)

	
129

	
0

	
129

	
4–12

25–50

	
Cross-sectional

	
d 0.84 ± 0.012

	
4–12 yrs 2.47 ± 0.27

25–50 yrs 1.40 ± 0.08

	
<0.05




	
d 0.29 ± 0.001

	
4–12 yrs 1.27 ± 0.33

25–50 yrs 0.67 ± 0.11




	
d 0.43 ± 0.014

	
4–12 yrs 1.14 ± 0.19

25–50 yrs 1.43 ± 0.44




	
d 1.71 ± 0.008

	
4–12 yrs 2.78 ± 0.55

25–50 yrs 2.75 ± 0.57




	
Rango et al.

(2017)

	
386

	
NS

	
NS

	
10–50

	
Cross-sectional

	
d

	
5.1 ± 4.3

	
<0.001




	
d < 2

	
2.6 ± 1.6




	
d > 2–5

	
3.8 ± 2.3




	
d > 5–8

	
6.8 ± 5.8




	
d > 8–12

	
7.3 ± 4.4




	
de Sousa et al.

(2018)

	
30

	
NS

	
NS

	
2–6

	
Longitudinal

	
d, g 0.181 ± 0.132

	
2.87 ± 1.08

	
0.24




	
d 0.03 ± 0.04

g 0.057 ± 0.045

	
1.82 ± 0.85








M: Male; F: Female; yrs: Years old; F−; Fluorine; SD: Standard deviation; NS: Not specified; a: Fluoridated solution NaF (mg/mL); b: Diet (mg/kg); c: Dentifrice (mg/kg); d: Naturally fluoridated water (mg/L); e: Fluoridated salt; f: Fluoridated milk (ml/mg/L); g: Total daily fluoride intake (mg/kg/day). * 1500 mg/kg.
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Table 2. Fluoride concentration in toenails.
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Author

	
n

	
M

	
F

	
Age (yrs)

	
Design

	
Fluoride Exposure ± SD

	
Mean F– ± SD (µg/g)

	
p-Value






	
Buzalaf et al.

(2006)

	
10

	
NS

	
NS

	
20–35

	
Longitudinal

	
a 0.6

b, c 1.626 ± 0.774

	
1.53

	
<0.05




	
Buzalaf et al.

(2011)

	
121

	
NS

	
NS

	
4–6

	
Cross-sectional

	
d 0.6–0.8

b, c 0.065 ± 0.03

	
1.42 ± 0.54

	
<0.001




	
d 0.6–0.9

b, c 0.084 ± 0.029

	
2.24 ± 0.82




	
b, c, e 0.088 ± 0.044

	
6.70 ± 3.03




	
f 250/1.0

b, c 0.088 ± 0.052

	
2.63 ± 0.58




	
b, c 0.027 ± 0.022

	
1.62 ± 0.47




	
Carvalhoa et al.

(2017)

	
242

	
107

	
135

	
4–6

	
Cross-sectional

	
d 0.6–0.8

	
1.61 ± 1.06

	
>0.05




	
g

	
DF = 1.65 ± 1.08

no DF = 1.58 ± 1.06




	
h

	
DF = 1.90 ± 1.30

no DF = 1.59 ± 1.04




	
c 1571

	
DF = 1.87 ± 1.37 no DF = 1.55 ± 0.96




	
i

	
DF = 1.55 ± 1.17

no DF = 1.63 ± 0.96




	
Charone et al.

(2012)

	
54

	
NS

	
NS

	
3–14

	
Cross-sectional

	
d

	
1.85 ± 1.32

1.58 ± 0.78

	
0.38




	
Corrêa-Rodrigues et al.

(2004)

	
10

	
NS

	
NS

	
2–3

	
Longitudinal

	
d 0.6–0.8

c 1571

	
2.70 ± 1.17

(for the first 4 weeks and the last 6 weeks)

	
<0.01




	
Elekdag-Turk et al.

(2019)

	
42

	
22

	
20

	
NS

	
Cross-sectional

	
d ≥ 2.0

d ≤ 0.05

	
2.34 ± 0.26

0.98 ± 0.08

	
<0.001




	
Fukushima et al.

(2009)

	
300

	
NS

	
NS

	
3–7

14–20

30–40

50–60

	
Longitudinal

	
d 0.09 ± 0.01, c *

	
1.14 ± 0.07

	
<0.001




	
d 0.15 ± 0.01, c *

	
2.27 ± 0.13




	
d 0.66 ± 0.01, c *

	
1.98 ± 0.12




	
d 0.72 ± 0.02, c *

	
4.46 ± 0.32




	
d 1.68 ± 0.08, c *

	
5.94 ± 0.35




	
Mean

	
3.16 ± 0.14




	
Idowu et al.

(2020)

	
61

	
NS

	
NS

	
4–5

	
Cross-sectional

	
d 0.04

	
3.378 ± 2.19

	
<0.001




	
d 3.05

	
10.371 ± 3.90




	
Sankhala et al.

(2014)

	
40

	
23

	
17

	
41–60

	
Cross-sectional

	
d 4.1

	
82.38 ± 6.89

	
0.001




	
d 4.8

	
86.14 ± 9.77




	
d 5.6

	
103.92 ± 16.89




	
de Sousa et al.

(2018)

	
30

	
NS

	
NS

	
2–6

	
Longitudinal

	
d, j 0.181 ± 0.132

	
2.85 ± 1.35

	
<0.05




	
d 0.03 ± 0.04

	
1.46 ± 0.27




	
j 0.057 ± 0.045








M: Male. F: Female. F-: Fluorine. yrs: Years old. SD: Standard deviation. NS: Not specified; DF: Dental fluorosis. a: Fluoridated solution NaF (mg/mL); b: Diet (mg/kg); c: Dentifrice (mg/kg); d: Naturally fluoridated water (mg/L); e: Fluoridated salt; f: Fluoridated milk (ml/mg/L); g: Soy; h: No milk consumption; i: Supervised tooth brushing; j: Total daily fluoride intake (mg/kg/day). * 1500 mg/kg.
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Table 3. Fluoride concentration in hair.
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Author

	
n

	
M

	
F

	
Age (yrs)

	
Design

	
Fluoride Exposure ± SD

	
Mean F− ± SD (µg/g)

	
p-Value






	
Antonijevic et al.

(2016)

	
52

	
29

	
23

	
7–15

	
Cross-sectional

	
a 0.59

	
5.28

	
<0.05




	
Elekdag-Turk et al.

(2019)

	
42

	
22

	
20

	
NS

	
Cross-sectional

	
a ≥ 2.0

	
0.24 ± 0.04

	
0.004




	
a ≤ 0.05

	
0.14 ± 0.04




	
Idowu et al.

(2020)

	
61

	
NS

	
NS

	
4–5

	
Cross-sectional

	
a 0.04

	
0.74 ± 0.61

	
0.027




	
a 3.05

	
1.83 ± 1.09




	
Joshi & Ajithkrishnan

(2013)

	
36

	
19

	
17

	
35–60

	
Cross-sectional

	
a 0.11

	
0.35 ± 0.063

	
<0.001




	
a 3.43

	
3.40 ± 1.043




	
Parimi et al.

(2013)

	
30

	
19

	
11

	
35–60

	
Cross-sectional

	
a 5.2

	
2171 ± 1647

	
0.000




	
a 0.3–0.5

	
25.06 ± 18.52








M: Male; F: Female; F−: Fluorine. yrs: Years old; SD: Standard deviation. a: Naturally fluoridated water (mg/L).
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Table 4. Characteristics of the biomarkers employed for monitoring exposure to fluorides.
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Biomarker

	
Type

	
Obtaining Method

	
Storage and Processing

	
Type of Measured Exposure




	
Recent

	
Contemporary

	
Historical

	
Noninvasive

	
Invasive

	
Simple

	
Complex

	
Immediate/

Acute

	
Chronic/

Sub-chronic






	
Nails

	
X

	

	

	
X

	

	
X

	

	

	
X




	
Hair

	
X

	

	

	
X

	

	
X

	

	

	
X




	
Plasma

	

	
X

	

	

	
X

	

	
X

	
X

	




	
Saliva

	

	
X

	

	
X

	

	

	
X

	
X

	




	
Urine

	

	
X

	

	
X

	

	
X

	

	
X

	




	
Teeth

	

	

	
X

	

	
X

	

	
X

	

	
X




	
Bone

	

	

	
X

	

	
X

	

	
X

	

	
X
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