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Abstract

:

Tea infusion is the most popular drink in Poland, and the tea bush is the most fluoride-rich among plants. Excessive fluoride intake can adversely affect human health by causing dental or skeletal fluorosis. This study aimed to determine the fluoride content in tea infusion depending on the tea types, the degree of fragmentation of the leaves, brewing time, and conducting a health risk assessment for the consumer in Poland. Infusions of 28 popular teas (green leafy tea, pu-erh leafy tea, white leaf tea, black leaf tea, black granulated tea, and black in bags) available in the Polish market were analyzed concerning a fluoride amount using the potentiometric method. Tea leaf size is an important parameter affecting fluoride’s release during tea brewing. An increase in fluoride content in the infusion was also shown with the extension of the brewing time. It was also revealed that significantly higher fluoride content was found in infusions of black tea prepared from tea in bags than from “loose” leaves. The conducted health risk assessment indicates the possibility of adverse health effects caused by fluoride consumption, particularly from infusions of black and green tea purchased in bags.






Keywords:


fluoride; Camellia sinensis; tea; human exposure; tea infusions; risk assessment












1. Introduction


Tea is a food product made of young leaves or undeveloped leaf buds from the tea bush, which, subjected to appropriate processing, are used to prepare the infusion. The most famous are the Chinese tea Camellia sinensis (L.) Kuntze and the Assamese tea Camelia sinensis var. assamica (Theaceae), differing in the place of occurrence, size of bushes, and leaves. Next to water, tea infusion is the most popular beverage consumed worldwide. Tea has many favorable properties and has a positive effect on human health. Tea infusion contains many antioxidants, such as polyphenols, which help protect the body cells from damage caused by free radicals. As a result, teas contribute to maintaining good health and preventing diseases [1]. Polyphenols in tea help maintain normal cholesterol and blood pressure levels, preventing cardiovascular diseases [2]. The tea infusion’s caffeine helps improve brain functions, including the ability to concentrate and short-term memory [3]. In addition, studies have shown that regular tea drinking can reduce the risk of neurodegenerative diseases, such as Alzheimer’s and Parkinson’s [4]. Tea can help reduce stress and improve your well-being. Ingredients such as theanine, which is present in green tea, help to relieve tension and improve mood [5]. It is worth noting, however, that despite these positive results, further research is needed to confirm these benefits and understand the mechanisms of action of the components present in the tea infusion.



Drinking tea infusion in moderation should not harm your health, but consuming it excessively can cause adverse effects. Certain substances in tea, such as caffeine and tannins, can hinder the absorption of certain nutrients. Tannins are chemical compounds that bind to proteins and minerals in food and the body, which can affect their absorption by the body. Studies have shown that tea tannins can inhibit iron absorption, especially in people with iron deficiency or anemia [2]. It is worth emphasizing, however, that the negative effect of tannins on the absorption of nutrients can only occur when drinking a large amount of tea infusion. In addition, excessive tea consumption can cause stress and anxiety, sleep problems, heartburn, frequent abdominal pain, caffeine addiction, dehydration, and many other symptoms [3].



Tea infusion provides phenolic compounds and selected minerals, often being their primary source in the human diet [6]. The tea bush is the most fluoride-rich among the plants and can contain even more than a thousand mg/kg of dry leaves [5]. Many factors affect the fluoride content of tea and its products. The most important include its concentration and form in the soil and air, place of cultivation, rainfall, genetic condition of the plant, and raw material used for production [7,8]. Tea bushes grown on older plantations accumulate more fluoride than bushes grown on younger plantations. Different fluoride concentrations in various types of tea grown in the same place confirm the influence of genetic differences of tea plants in the uptake and accumulation of fluoride. The small-leaved subspecies contain significantly higher amounts of fluoride than the large-leaved subspecies [7]. The fluoride concentration in the tea plant varies in its parts, with the highest concentration found in the leaves and increasing with age. The highest amounts of this element are found in mature, old leaves, much smaller in young leaves and buds, and the smallest amounts of fluoride are found in twigs, stems, and roots [9].



The Scientific Committee on Health and Environmental Risks (SCHER) of the European Commission stated that “Fluoride is not considered to be essential for human growth and development” [10]. Research results confirm the effectiveness and beneficial effects of low concentrations of fluoride used in the prevention and treatment of dental caries. Still, on the other hand, long-term exposure to elevated fluoride concentrations has undesirable effects [11]. Fluoride’s harmfulness is affected by factors such as dose and exposure time. The human body may be exposed to the toxic effects of fluoride through the presence of this element in food or as a result of contamination of the natural environment with fluoride compounds. The consequence of this may be dental and skeletal fluorosis. In addition, exposure to fluoride among pregnant women has been shown to increase with tea consumption, which is associated with the likely risk of developmental neurotoxicity to their children [12]. Dental fluorosis initially manifests as white patches that darken and the enamel cracks. In the case of bone-forming cells, unfavorable changes occur, causing demineralization of bone tissue. As a result, bone fragility increases, while ligaments become less flexible. Fluorosis is a disease associated with long-term exposure to fluoride, which is too high in the body [13]. The disease is endemic in many countries due to environmental or industrial exposure. It occurs mainly in countries where the level of fluoride in drinking water is very high, especially in developing countries. In addition, dietary calcium and vitamin D deficiency can exacerbate skeletal fluorosis [14]. Nonendemic cases of skeletal fluorosis have been described in the literature. Cook et al. conducted a literature review in 2020 and found 19 cases of skeletal fluorosis [14]. About half of these 19 cases have been attributed, either partially [15,16] or fully [15,17,18,19,20], to chronic consumption of large amounts of various types of tea. Estimated daily fluoride intake from tea ranged from 13 to 74 mg throughout >20 years. In the remaining cases, the sources of fluoride were toothpaste and inhalation of fumes containing this element. There are many scientific reports on fluoride content in various tea infusions, simultaneously attempting to assess the health risk, mainly in countries where tea consumption is high [12,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35]. Conclusions from these studies, in most cases, indicate that tea infusion is an important and insufficiently considered source of fluoride exposure, and its consumption, especially in larger quantities, may pose a potential health risk. Of the 16 cited publications, 6 indicate that the risk assessment did not show a significant health risk from the consumption of tea infusions [22,27,29,32,33,35]. In addition, Ruxton and Bond [29] conclude that more significant dental health benefits could be achieved for the UK population if the average adult intake increased to four to five servings per day. However, this conclusion is not supported by their research. Mazur et al. [36] reviewed the results of randomized controlled trials on the use of green tea and its effect on the processes of gingivitis, periodontitis, and caries. Green tea has been found to affect gingivitis and periodontitis positively. Based on these results, sufficient evidence supports the use of green tea in preventing and treating periodontal disease. This review shows that there is currently insufficient evidence to recommend using green tea to treat tooth decay. SCHER indicates that topical application of fluoride is most effective in preventing tooth decay. Topical application of fluoride maintains oral fluoride levels and helps prevent caries with reduced systemic availability. The effectiveness of population policies, such as fluoridation of drinking water, milk or salt, in reducing social disparities in oral health remains insufficiently substantiated [10].



The tea infusion is the most popular drink in Poland, accounting for over 40% of all drinks consumed in the winter and 25% in the summer season. The annual consumption of tea per capita in Poland is almost 1 kg, usually finished 2–3 times a day. About 20% of consumers drink tea more often, 4–5 times a day [37]. So far, two works have been published to assess the concentration and daily intake of fluoride from tea and herbal infusions popular in Poland [38,39]. In both publications, there was no health risk assessment related to fluoride consumption from tea infusions, and opposing conclusions were presented. Szmagara et al. [39] indicate that the general value of fluoride in the analyzed tea and herbs was not high enough to cause a risk of fluorosis, even with the use of 15 min of brewing time. Malinowska et al. [38], based on the results obtained, state that consumers drinking some types of tea infusions in large quantities may be exposed to large amounts of fluoride contained in drinking tea.



Therefore, the work aimed to determine the fluoride content in tea infusion depending on the tea types, the degree of fragmentation of the leaves, brewing time, and conducting a health risk assessment for the consumer in Poland.




2. Materials and Methods


The research material consisted of 27 samples of tea of various types from different manufacturers purchased in stores in Lublin (Poland). Six samples of green leafy tea, three samples of pu-erh leafy tea, four samples of white leaf tea, six samples of black leaf tea, three samples of black granulated tea, and five samples of black express tea were purchased. To obtain a homogeneous sample in the case of black express tea, the contents of the bags were spilled and mixed.



Tea infusions were prepared according to PN-ISO 3103: 1996 Tea—Preparation of liquor for use in sensory tests. In short, 2 g of tea leaves, smaller than 2 mm and more than 1.5 mm, were added to 100 mL of deionized water (Hydrolab system HLP10p, Poland) at 100 °C and brewed under cover for 6 min. Then the infusion was filtered through Whatman No.1 to a volumetric flask, and after cooling to room temperature, deionized water was added to make up 100 mL volume. The amount of fluoride in tea infusions was determined by the potentiometric method, according to Shyu [40]. That is, 20 mL was taken from the prepared sample, 20 mL of Tisab I (Sigma-Aldrich, St. Louis, MO, USA) solution was added, then the content was mixed, and fluoride was measured by the potentiometric technique. ISE-F/IJ-F Ionode Pty Ltd. (Australia) fluoride ion-selective electrode and the Hi 221 m from Hanna Instruments (USA) were used. Each tea infusion sample was analyzed in three repetitions.



A primary solution was prepared to make a calibration curve by adding 10 mL of a certified reference solution of fluoride ions 1000 mg/L ± 4 mg/L TraceCERT (Sigma-Aldrich) to a 100 mL volumetric flask. The appropriate volume was measured in a 20 mL volumetric flask from the prepared primary solution to obtain solutions in the concentration range of 0.5 mg/L–10 mg/L. Calibration was performed before each measuring series.



To examine the effect of fragmentation of the leaf, the leafy tea samples (green, pu-erh, white, and black) were sieved through the sieve with the size of the stitches 2.5, 2, 1.5, 1.02, 0.75, and 0.5 mm, and each of the fractions was brewed for 6 min. The effect of brewing time (2, 4, 6, 8, and 10 min) on the fluoride content in the tea infusion was examined on one sample of each type of tea. In the case of leafy teas, a fraction with the size of leaves smaller than 2 mm and larger than 1.5 mm was used. The correctness of fluoride ion analysis was confirmed by analyzing the certified reference material sample (SPS-NUTR WW1, SpectraPure Standards) and comparison of the obtained measurement value 1.02 ± 0.3 mg/L with an accredited value of 1.00 ± 0.01 mg/L.



Data were analyzed using one-way ANOVA, followed by Duncan’s test, using the SAS statistical system (SAS version 9.1; SAS Inst., Cary, NC, USA). The significance of all the tests was set at p ≤ 0.05.



The health risk assessment (noncarcinogenic hazard) related to the ingestion of fluoride from tea infusion was performed using the target hazard quotient (THQ) calculated by the formula [41]:


THQ = CDI/RfD



(1)




where the chronic daily intake (CDI) is the estimated amount of fluoride intake per kilogram of body weight, and the RfD is the oral fluoride intake reference dose of 0.06 (mg/kg/day) [42]. A THQ of <1 indicates an insignificant risk level, whereas a THQ of >1 implies a potential noncancer-causing health impact.



The CDI value was calculated using the equation:


CDI = (C × DI × EF × ED)/(BW × AT)



(2)




where C is the fluoride concentration in tea infusion (mg/L), DI is the average daily intake rate of tea (L/day), EF is exposure frequency (day/year), ED is the exposure duration (year), BW is body weight (kg), and AT is the averaging time (days). The health risk assessment was carried out with the division of the population in terms of age and gender. The average daily intake of tea infusion was determined based on sufficient water intake for a given population group, assuming that 70% of this intake is provided in the form of liquids and that 50% of these liquids are provided in the form of tea infusion. The value of the daily consumption of tea infusion determined in this way is presented in Table 1 and marked with the abbreviation DI50%. The division of the population into groups and the adopted values of body weight and the value of sufficient water intake were adopted in accordance with the nutritional standards for the Polish population [43] and are presented in Table 1.




3. Results


3.1. Comparison of Fluoride Content in Tea Infusion with Different Degrees of Leaf Fragmentation


The data presented in Figure 1 indicate that regardless of the type of tea used to prepare the infusion, the highest fluoride content is found in the infusion prepared from leaves with the highest degree of fragmentation—leaves with a size of 0.5 to 0.75 mm. Among the tested tea leaf size ranges, the most statistically significant difference can be observed only between the highest degree of fragmentation and the rest of the analyzed ranges. The increase in fluoride content in the infusion between the highest and lowest degree of leaf fragmentation was different for the studied types of tea and amounted to 30.1% for green tea, 26.9% for pu-erh tea, 22.7% for black tea, and 14.5% for white tea.




3.2. Influence of Brewing Time on Fluoride Content in Tea Infusions


The results concerning the fluoride content in the infusions of the analyzed types of tea depending on the brewing time are presented in Figure 2. They indicate an increase in the fluoride content in the infusion with the lengthening of the brewing time. After 2 min of brewing, 77.3% fluoride was extracted in the black tea-in-bags infusion compared to 10 min, which was the highest value. This is probably related to the degree of tea fragmentation because it was the largest in the case of this tea. Other types of tea can be ranked as follows: black granulated (70.9%), black leaf (69.2%), white (57.1%), pu-erh (55.0%), and green (48.7%).



The highest increase in fluoride content in the infusion was observed when the brewing time was changed from 2 to 4 min and amounted to 49.0%, 42.3%, 40.4%, 18.4%, 16.9%, and 15.8%, respectively, for white, pu-erh, green, black leaf, and black express and granulated. After 6 min of brewing, more than 90% of fluorides were extracted for four types of tea compared to 10 min (black tea bags 97.1%, white tea 92.6%, black leaf tea 91.5%, and black granulated tea 90.6%), and in the case of pu-erh tea and green, these ratios were 88.0% and 80.5%, respectively.




3.3. Fluoride Concentration in Infusions of Different Types of Tea


The results of the fluoride content analysis in tea infusions are presented in Table 2, and the results are grouped for individual types of tea in Figure 3. Infusions of different types of tea showed significantly different contents of fluoride ions in the range from 0.71 to 7.96 mg/L. Statistically, the most fluorides were found in infusions of granulated black tea and black tea in bags, and the average content was 6.33 ± 0.8 and 6.13 ± 1.50 mg/L, respectively. Lower content of fluorides in infusions was found in black leaf tea (average 3.72 ± 1.53 mg/L). Comparable to black leaf tea, fluoride content was found in green tea infusions (average 2.40 ± 0.93 mg/L). The lowest fluoride content was found in pu-erh tea infusions (average 0.89 ± 0.16 mg/L), although they did not differ statistically significantly from the content of white tea infusions (average 1.57 ± 0.32 mg/L).





4. Discussion


The tea leaf size is an important parameter affecting the release of fluoride during tea brewing. With the increase in leaf fragmentation, the surface area through which fluoride extraction can occur increases, probably accelerating their transition to the infusion. To our knowledge, no studies have been published describing the exact effect of tea leaf size on fluoride content in the infusion. Pattaravisitsate et al. [21] published a study showing that the average fluoride concentration in infusions prepared from fragmented tea leaves was higher than that of unfragmented tea leaves. In this study, significant differences in leaf size were observed in the unfragmented tea samples (average 17.7 ± 12.2 mm; range 0.6–41.1 mm), and the particle size of the fragmented tea samples was smaller, 0.4–0.6 mm. Similar conclusions were reached by Gulati et al. [44], who found that fluoride leaching is the lowest in the case of leaf tea compared to powdered tea, but they did not precisely characterize the size of the tea leaves used to prepare the infusion.



Gulati et al. [44] researched the effect of brewing time (2, 4, 6, 8, and 10 min) on the fluoride content in the infusion. They showed that after 6 min of brewing, the fluoride content reaches its maximum. Our results indicate that increasing the brewing time from 6 to 10 min further increases the fluoride content in the infusion. These observations are consistent with the data presented in the literature [21,28,38,39,45]. Chan et al. [28] examined the effect of brewing time on fluoride content in the 2, 10, and 30-min range. They showed that most of the fluoride was extracted into the tea infusion after 10 min because they did not observe significant differences in the fluoride content between 10 and 30 min of infusion time.



Lu et al. [46] showed that the fluoride content in tea indicates its quality. They observed significant negative correlations between the content of fluoride and the content of total polyphenols and amino acids. Older tea leaves containing more fluoride are used to produce lower-quality teas, such as tea in bags and granules. Studies by Szmagara et al. [39] and Malinowska et al. [38] showed that significantly higher fluoride content was found in black tea infusions made from bags than from leaves. On the other hand, Valadas et al. [47] found that the fluoride content in leaf tea infusions is higher than in tea in bags. Due to the high variability of the fluoride content in tea leaves resulting from many factors (place of cultivation, rainfall, plant genetics, etc.) and various tea brewing conditions (time, tea weight to water volume ratio, and form of tea), the fluoride content in the infusion may be within a wide range. This is reflected in the literature data, according to which the fluoride content in tea infusions ranges for black leaf tea from 0.32 to 6.81 mg/L, black tea in bags from 0.6 to 6.01 mg/L, black granulated tea from 1.06 to 6.87 mg/L, leafy green from 0.06 to 5.31 mg/L, white from 0.37 to 5.39 mg/L, and pu-erh from 0.39 to 2.87 mg/L [23,29,31,38,39,47,48,49,50,51,52].



The noncarcinogenic risk of exposure to fluoride from tea infusions was assessed using the target hazard quotient (THQ), the values of which were calculated for different population groups and are presented in Table 3. This parameter was determined for each tea sample separately, giving a total of 459 possible cases. In 38.4% of all analyzed cases, this parameter exceeded the value of 1, indicating the likelihood of adverse health effects. When analyzing individual types of tea, it should be noted that in the case of pu-erh tea, the THQ parameter was lower than 1 in all studied cases. In the case of white tea, this parameter was greater than 1 in 1.5% of cases, and in the case of green tea, in 12.8%. In the case of these teas, the THQ parameter was greater than 1, especially in the group of children aged 3 to 9 years. Opydo-Szymaczek and Opydo [53] researched the fluorine content in Polish drinks intended for feeding infants and small children (below 3 years of age). Forty-three brands of juices and juice-flavored drinks and twenty-three instant teas were evaluated. The results of the conducted studies indicate that consuming juices and juice drinks should not increase the risk of dental fluorosis in children because the fluoride values in all products are low. However, some tea drinks intended for children’s nutrition can significantly increase children’s exposure to fluoride.



Black teas, in terms of the frequency of exceeding the THQ value above 1, can be ranked as follows: black leaf tea 41.2%, in bags 84.7%, and granulated 94.1%. Based on the presented results, it can be concluded that the consumption of fluoride from black tea infusions is characterized by a much higher health risk compared to other groups of teas. Exceptionally high risk is associated with consuming black tea infusions, granulated, and in bags. Very often, in the literature on determining the health risk associated with fluoride consumption from tea infusions, higher consumption of infusions of 1 L is assumed. If such intake is thought for age groups over 12 years, the THQ parameter is greater than 1 in 46.8% of cases, and individual types of tea can be ordered as follows: pu-erh 0%, white 1.5%, green 23.5%, black leafy 55.9%, black in bags 96.5%, and black granulated 100% (Table S1—Supplementary Material). This, of course, indicates that a higher daily intake increases the risk associated with the intake of fluoride from tea infusion. Particular attention should be paid to children’s consumption of black tea infusions. For example, a 3-year-old child consuming 0.438 L of black tea containing an average of 5.14 mg/L of fluoride (average of all types of black tea tested in this study) will consume 0.19 mgF/kg/day. This is approximately three to four times the optimal fluoride intake (0.5 to 0.7 mgF/kg/day) that should provide maximum protection against caries with minimal dental fluorosis [54]. At the same time, it is almost twice as high as the intake level (0.1 mgF/kg/day) above which fluorosis occurs according to some authors [55].



The main limitation of the described research is that it represents only a particular segment of the tea market in Poland, and as we have shown earlier, the content of fluoride in infusions of various teas is very variable. To increase the representation of the tea market in Poland and better characterize the health risk for the consumer, the THQ parameter was determined based on the results of the recently presented research by Szmagara et al. [39] (Tables S2–S9—Supplementary Material). Table 4 displays the percentage share of analyzed cases for which the THQ parameter exceeded the value of 1. In their research, Szmagara et al. used 5- and 15-min brewing times and a different tea weight to water volume ratio of 1:100. In our study, it is 2:100. Therefore, the THQ parameter calculated based on the results of Szmagara et al. was also determined for the case assuming the ratio of tea weight to the water volume of 2:100 (Table 4). For these cases, it was considered that the concentration of fluoride in the infusion would increase twice in relation to the ratio of tea weight to the water volume of 1:100. The analysis of the data contained in Table 4 allows us to conclude that tea infusions in bags, green and black, are characterized by the highest rate of exceeding the threshold THQ value. Infusions of the same teas but in the leaf form had the lowest index, so consuming infusions prepared from tea in bags is associated with a much higher risk of adverse health effects. Unfortunately, this form of tea is sold most often in Poland; in 2021, 85% of tea was sold in this form, 11% in leaf form, and 4% in the granulated form [56]. It should also be noted that green tea, traditionally produced from young leaves and buds, should be low in fluoride. The presented results and those of Szmagara et al. [39] suggest, however, that some green teas sold in Poland, especially in the form of bags, are produced from other parts of the Camellia sinensis plant, such as older leaves or stems. This may cause an increased health risk associated with fluoride intake, especially for people who believe that green tea is healthier than black tea and, therefore, may consume more significant amounts of its infusions. Kombucha is produced by fermenting tea with added sugar using SCOBY (symbiotic culture of bacteria and yeast). It was demonstrated that kombucha is a major dietary source of fluoride and that the type of tea used significantly affects its chemical composition. Therefore, making the beverage with white or red tea is recommended due to the lowest fluoride content and ensuring food safety [57]. Another tea product is Matcha, powdered green tea (Camellia sinensis) of the Tencha type. Jakubczyk et al. [58] showed that matcha infusions have a high fluorine content regardless of the water temperature or harvest time—about 4 mg/L. Matcha tea can therefore be the main source of fluoride in the human diet, which is why it is important to control the amount of matcha in the daily diet.



Tea quality control becomes essential to protect humans from excessive fluoride intake from infusions. Excessive fluoride intake with tea infusion, especially in regions with high fluoride concentrations in drinking water, increases the risk of fluorosis. In Poland, drinking water is not fluoridated, and in most of the country, the fluoride concentration is below 0.3 mg/L, and only in a few localities, it exceeds 2 mg/L [59]. Some regions of Poland are characterized by a natural, increased amount of fluoride in the environment, including drinking water. One of them is Malbork and its surroundings. Peplińska et al. [60] conducted research to assess fluorosis and caries in the population of Malbork children who, in the years corresponding to the period of incisor mineralization, lived in areas with an average fluoride content in drinking water of 2.25 mg/L. The authors found fluorosis in 84.54% of the examined children aged 13–16. Czarnowski et al. [59] conducted research aimed at determining the level of fluoride in tap waters in various towns in northern and central Poland and examining whether there is a correlation between the content of fluoride in water and the concentration of fluoride in the urine of residents. These studies found no significant correlation between fluoride concentrations in drinking water and human urine. This suggests that elevated levels of fluoride in the urine may be caused by more than just fluoride from the water. Diet is another source of fluoride. Dębinski et al. [61] determined the Polish population’s daily exposure to fluoride from dietary sources. They indicated that tea infusions are its primary source in the diet.




5. Conclusions


Summarizing the results of the presented study, we can conclude that fluoride content in infusions of various teas is very variable. The fluoride content in the infusion depends on the brewing conditions and the tea type and form. Tea leaf size is an important parameter affecting fluoride’s release during tea brewing. Probably, with the increase in the degree of fragmentation of the leaves, the surface through which fluoride extraction can occur increases, accelerating its transition to infusion. However, thorough research needs to be carried out to confirm this. An increase in fluoride content in the infusion was also shown with the extension of the brewing time. Based on the results of the analyzed samples, infusions of various types of tea can be ranked in terms of fluoride content from the highest: black, green, white, and pu-erh tea. It was also shown that significantly higher fluoride content was found in infusions of black tea prepared from tea in bags than from “loose” leaves.



The conducted health risk assessment for the consumer in Poland indicates the possibility of adverse health effects caused by fluoride consumption, particularly from infusions of black and green tea purchased in the form of bags. This risk can be reduced by shortening the brewing time, consumption of white tea, or pu-erh infusions purchased in leaf form. It would be necessary to introduce information on the fluoride content on tea packaging by tea producers and to increase public awareness of the risks associated with excessive fluoride consumption, especially in areas with its high content in drinking water. It seems necessary to conduct epidemiological studies to assess the scale of adverse health effects associated with fluoride intake to a greater extent. On their basis, it would be possible to determine the safe level of fluoride content in tea and the daily consumption of tea infusion to minimize the risk of fluorosis.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/app13085075/s1, Table S1. Values of the THQ parameter for various population groups. The average daily tea consumption for age groups above 12 years is 1 L. Table S2. THQ parameter determined based on the results of the work of Szmagara et al. [39] obtained under the following brewing conditions: average daily intake rate of tea: DI50%, tea (g):water (mL) ratio: 1:100; time of brewing: 5 min. Table S3. THQ parameter determined based on the results of the work of Szmagara et al. [39] obtained under the following brewing conditions: average daily intake rate of tea: DI50%, tea (g):water (mL) ratio: 1:100; time of brewing: 15 min. Table S4. THQ parameter determined based on the results of the work of Szmagara et al. [39] obtained under the following brewing conditions: average daily intake rate of tea for age groups above 12 years is 1 L, tea (g):water (mL) ratio: 1:100; time of brewing: 5 min. Table S5. THQ parameter determined based on the results of the work of Szmagara et al. [39] obtained under the following brewing conditions: average daily intake rate of tea for age groups above 12 years is 1 L, tea (g):water (mL) ratio: 1:100; time of brewing: 15 min. Table S6. THQ parameter determined based on the results of the work of Szmagara et al. [39] obtained under the following brewing conditions: average daily intake rate of tea: DI50%, tea (g):water (mL) ratio: 2:100; time of brewing: 5 min. Table S7. THQ parameter determined based on the results of the work of Szmagara et al. [39] obtained under the following brewing conditions: average daily intake rate of tea: DI50%, tea (g):water (mL) ratio: 2:100; time of brewing: 15 min. Table S8. THQ parameter determined based on the results of the work of Szmagara et al. [39] obtained under the following brewing conditions: average daily intake rate of tea for age groups above 12 years is 1 L, tea (g):water (mL) ratio: 2:100; time of brewing: 5 min. Table S9. THQ parameter determined based on the results of the work of Szmagara et al. [39] obtained under the following brewing conditions: average daily intake rate of tea for age groups above 12 years is 1 L, tea (g):water (mL) ratio: 2:100; time of brewing: 15 min.
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Figure 1. Mean and SD fluoride concentration (mg/L) in the tea infusions for different degrees of leaf fragmentation. Different letters (a, b, c, etc.) show a significant difference with p < 0.05. The differences relate to each type of tea separately. 
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Figure 2. Mean and SD fluoride concentration (mg/L) in the tea infusions for 2, 4, 6, 8, and 10 min infusions. Different letters (a, b, c, etc.) show a significant difference with p < 0.05. The differences relate to each group of tea separately. 
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Figure 3. Mean and SD fluoride concentration (mg/L) in the tea groups. Different letters (a, b, c, etc.) show a significant difference with p < 0.05. 
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Table 1. Data used to calculate chronic daily intake of fluoride from tea infusion [43].
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The Exposure Duration, ED (Year)

	
Body Weight, BW (kg)

	
Average Daily Intake Rate of Tea, DI50% (L/Day)

	
Adequate Intake of Water (L)






	
Children

	
3

	
12

	
0.438

	
1.25




	
6

	
19

	
0.560

	
1.60




	
9

	
27

	
0.613

	
1.75




	
Girls

	
12

	
38

	
0.665

	
1.90




	
15

	
51

	
0.683

	
1.95




	
18

	
56

	
0.700

	
2.00




	
Boys

	
12

	
38

	
0.735

	
2.10




	
15

	
54

	
0.823

	
2.35




	
18

	
67

	
0.875

	
2.50




	
Women

	
81

	
45

	
0.700

	
2.00




	
81

	
55

	
0.700

	
2.00




	
81

	
65

	
0.700

	
2.00




	
81

	
75

	
0.700

	
2.00




	
Men

	
74

	
55

	
0.875

	
2.50




	
74

	
65

	
0.875

	
2.50




	
74

	
75

	
0.875

	
2.50




	
74

	
85

	
0.875

	
2.50
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Table 2. Content of fluoride (mg/L) in infusions of selected teas.
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	Type of Tea
	Fluoride Content (mg/L)
	Standard Deviation, SD





	Green tea
	1.902
	0.061



	Green tea
	1.196
	0.065



	Green tea
	2.011
	0.051



	Green tea
	3.181
	0.079



	Green tea
	2.338
	0.098



	Green tea
	3.765
	0.104



	Pu-erh
	0.919
	0.033



	Pu-erh
	0.712
	0.041



	Pu-erh
	1.025
	0.060



	White tea
	1.288
	0.052



	White tea
	2.028
	0.105



	White tea
	1.422
	0.058



	White tea
	1.548
	0.042



	Black leaf tea
	3.512
	0.089



	Black leaf tea
	2.678
	0.056



	Black leaf tea
	4.858
	0.159



	Black leaf tea
	3.119
	0.093



	Black leaf tea
	1.997
	0.060



	Black leaf tea
	6.175
	0.173



	Black granulated tea
	5.594
	0.286



	Black granulated tea
	7.180
	0.313



	Black granulated tea
	6.230
	0.174



	Black tea in bags
	7.059
	0.202



	Black tea in bags
	5.196
	0.175



	Black tea in bags
	4.154
	0.156



	Black tea in bags
	6.300
	0.340



	Black tea in bags
	7.960
	0.237
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Table 3. Values of the THQ parameter for various population groups.
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Children

	
Girls

	
Boys

	
Women

	
Men






	
Age (years)

	
3

	
6

	
9

	
12

	
15

	
18

	
12

	
15

	
18

	
81

	
81

	
81

	
81

	
74

	
74

	
74

	
74




	
Green tea

	
1.16

	
0.93

	
0.72

	
0.55

	
0.42

	
0.40

	
0.61

	
0.48

	
0.41

	
0.49

	
0.40

	
0.34

	
0.30

	
0.50

	
0.43

	
0.37

	
0.33




	
Green tea

	
0.73

	
0.59

	
0.45

	
0.35

	
0.27

	
0.25

	
0.39

	
0.30

	
0.26

	
0.31

	
0.25

	
0.21

	
0.19

	
0.32

	
0.27

	
0.23

	
0.21




	
Green tea

	
1.22

	
0.99

	
0.76

	
0.59

	
0.45

	
0.42

	
0.65

	
0.51

	
0.44

	
0.52

	
0.43

	
0.36

	
0.31

	
0.53

	
0.45

	
0.39

	
0.35




	
Green tea

	
1.93

	
1.56

	
1.20

	
0.93

	
0.71

	
0.66

	
1.03

	
0.81

	
0.69

	
0.82

	
0.67

	
0.57

	
0.49

	
0.84

	
0.71

	
0.62

	
0.55




	
Green tea

	
1.42

	
1.15

	
0.88

	
0.68

	
0.52

	
0.49

	
0.75

	
0.59

	
0.51

	
0.61

	
0.50

	
0.42

	
0.36

	
0.62

	
0.52

	
0.45

	
0.40




	
Green tea

	
2.29

	
1.85

	
1.42

	
1.10

	
0.84

	
0.78

	
1.21

	
0.96

	
0.82

	
0.98

	
0.80

	
0.68

	
0.59

	
1.00

	
0.84

	
0.73

	
0.65




	
Pu-erh

	
0.56

	
0.45

	
0.35

	
0.27

	
0.20

	
0.19

	
0.30

	
0.23

	
0.20

	
0.24

	
0.19

	
0.16

	
0.14

	
0.24

	
0.21

	
0.18

	
0.16




	
Pu-erh

	
0.43

	
0.35

	
0.27

	
0.21

	
0.16

	
0.15

	
0.23

	
0.18

	
0.15

	
0.18

	
0.15

	
0.13

	
0.11

	
0.19

	
0.16

	
0.14

	
0.12




	
Pu-erh

	
0.62

	
0.50

	
0.39

	
0.30

	
0.23

	
0.21

	
0.33

	
0.26

	
0.22

	
0.27

	
0.22

	
0.18

	
0.16

	
0.27

	
0.23

	
0.20

	
0.18




	
White tea

	
0.78

	
0.63

	
0.49

	
0.38

	
0.29

	
0.27

	
0.42

	
0.33

	
0.28

	
0.33

	
0.27

	
0.23

	
0.20

	
0.34

	
0.29

	
0.25

	
0.22




	
White tea

	
1.23

	
1.00

	
0.77

	
0.59

	
0.45

	
0.42

	
0.65

	
0.51

	
0.44

	
0.53

	
0.43

	
0.36

	
0.32

	
0.54

	
0.45

	
0.39

	
0.35




	
White tea

	
0.86

	
0.70

	
0.54

	
0.41

	
0.32

	
0.30

	
0.46

	
0.36

	
0.31

	
0.37

	
0.30

	
0.26

	
0.22

	
0.38

	
0.32

	
0.28

	
0.24




	
White tea

	
0.94

	
0.76

	
0.59

	
0.45

	
0.35

	
0.32

	
0.50

	
0.39

	
0.34

	
0.40

	
0.33

	
0.28

	
0.24

	
0.41

	
0.35

	
0.30

	
0.27




	
Black leaf tea

	
2.13

	
1.73

	
1.33

	
1.02

	
0.78

	
0.73

	
1.13

	
0.89

	
0.76

	
0.91

	
0.74

	
0.63

	
0.55

	
0.93

	
0.79

	
0.68

	
0.60




	
Black leaf tea

	
1.63

	
1.32

	
1.01

	
0.78

	
0.60

	
0.56

	
0.86

	
0.68

	
0.58

	
0.69

	
0.57

	
0.48

	
0.42

	
0.71

	
0.60

	
0.52

	
0.46




	
Black leaf tea

	
2.95

	
2.39

	
1.84

	
1.42

	
1.08

	
1.01

	
1.57

	
1.23

	
1.06

	
1.26

	
1.03

	
0.87

	
0.76

	
1.29

	
1.09

	
0.94

	
0.83




	
Black leaf tea

	
1.89

	
1.53

	
1.18

	
0.91

	
0.70

	
0.65

	
1.01

	
0.79

	
0.68

	
0.81

	
0.66

	
0.56

	
0.49

	
0.83

	
0.70

	
0.61

	
0.54




	
Black leaf tea

	
1.21

	
0.98

	
0.75

	
0.58

	
0.45

	
0.42

	
0.64

	
0.51

	
0.43

	
0.52

	
0.42

	
0.36

	
0.31

	
0.53

	
0.45

	
0.39

	
0.34




	
Black leaf tea

	
3.75

	
3.03

	
2.33

	
1.80

	
1.38

	
1.29

	
1.99

	
1.57

	
1.34

	
1.60

	
1.31

	
1.11

	
0.96

	
1.64

	
1.39

	
1.20

	
1.06




	
Black granulated tea

	
3.40

	
2.75

	
2.12

	
1.63

	
1.25

	
1.17

	
1.80

	
1.42

	
1.22

	
1.45

	
1.19

	
1.00

	
0.87

	
1.48

	
1.26

	
1.09

	
0.96




	
Black granulated tea

	
4.36

	
3.53

	
2.71

	
2.09

	
1.60

	
1.50

	
2.31

	
1.82

	
1.56

	
1.86

	
1.52

	
1.29

	
1.12

	
1.90

	
1.61

	
1.40

	
1.23




	
Black granulated tea

	
3.79

	
3.06

	
2.36

	
1.82

	
1.39

	
1.30

	
2.01

	
1.58

	
1.36

	
1.62

	
1.32

	
1.12

	
0.97

	
1.65

	
1.40

	
1.21

	
1.07




	
Black tea in bags

	
4.29

	
3.47

	
2.67

	
2.06

	
1.57

	
1.47

	
2.28

	
1.79

	
1.54

	
1.83

	
1.50

	
1.27

	
1.10

	
1.87

	
1.58

	
1.37

	
1.21




	
Black tea in bags

	
3.16

	
2.55

	
1.96

	
1.52

	
1.16

	
1.08

	
1.68

	
1.32

	
1.13

	
1.35

	
1.10

	
0.93

	
0.81

	
1.38

	
1.17

	
1.01

	
0.89




	
Black tea in bags

	
2.52

	
2.04

	
1.57

	
1.21

	
0.93

	
0.87

	
1.34

	
1.05

	
0.90

	
1.08

	
0.88

	
0.75

	
0.65

	
1.10

	
0.93

	
0.81

	
0.71




	
Black tea in bags

	
3.83

	
3.09

	
2.38

	
1.84

	
1.41

	
1.31

	
2.03

	
1.60

	
1.37

	
1.63

	
1.34

	
1.13

	
0.98

	
1.67

	
1.41

	
1.22

	
1.08




	
Black tea in bags

	
4.84

	
3.91

	
3.01

	
2.32

	
1.78

	
1.66

	
2.57

	
2.02

	
1.73

	
2.06

	
1.69

	
1.43

	
1.24

	
2.11

	
1.79

	
1.55

	
1.37
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Table 4. The percentage share of analyzed cases for which the THQ parameter exceeded the value of 1. The THQ parameter was determined based on the results of the study by Szmagara et al. [39] obtained under the brewing conditions presented in the table.
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	Average Daily Intake Rate of Tea
	DI50%
	1 L
	DI50%
	1 L
	DI50%
	1 L
	DI50%
	1 L



	Tea (g):water (mL) ratio
	1:100
	1:100
	1:100
	1:100
	2:100
	2:100
	2:100
	2:100



	Time of brewing (min)
	5
	5
	15
	15
	5
	5
	15
	15



	Black leaf tea
	1.47%
	1.47%
	7.35%
	7.35%
	22.06%
	52.94%
	36.76%
	66.18%



	Green leaf tea
	3.92%
	3.92%
	3.92%
	7.84%
	19.61%
	31.37%
	27.45%
	35.29%



	Pu-erh
	7.84%
	11.76%
	9.80%
	17.65%
	47.06%
	68.63%
	54.90%
	76.47%



	White tea
	7.84%
	11.76%
	7.84%
	15.69%
	47.06%
	66.67%
	54.90%
	70.59%



	Earl grey
	19.61%
	35.29%
	29.41%
	43.14%
	52.94%
	64.71%
	66.67%
	66.67%



	Black tea in bags
	34.31%
	45.10%
	47.06%
	60.78%
	75.49%
	84.31%
	91.18%
	98.04%



	Green leaf in bags
	61.76%
	88.24%
	67.65%
	88.24%
	100.00%
	100.00%
	100.00%
	100.00%



	All cases
	18.87%
	26.72%
	25.00%
	34.31%
	51.72%
	67.16%
	62.75%
	75.00%
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