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Numerous reviews and studies have shed light on the diverse causes of fluorosis,

underscoring the need for comprehensive investigations to inform effective
prevention and management strategies. Overconsumption of fluoride over an extended
period, especially during the growth of teeth or bones, leads to fluorosis, which affects
these structures. The amount, timing, and duration of fluoride exposure

all influence the severity of the condition. Dental fluorosis rarely presents in more
severe forms; most cases are mild to moderate. Research has also explored the effects
of fluoride on the immune system, the intestinal mechanical barrier, and innate
immunity. Additionally, current studies have focused on the global impacts of skeletal

fluorosis and the role of oxidative stress in its progression. This review synthesizes

Emerging evidence on fluoride’s dual role in health, contrasting its dental benefits
with risks of skeletal fluorosis and prenatal neurotoxicity. We provide novel insights

into the ecological consequences of industrial fluoride pollution, supported by case
studies from endemic regions, and propose evidence-based strategies for balancing
public health benefits with environmental sustainability.
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1. Introduction

Fluorosis is a medical condition that results in
changes in the appearance of tooth enamel due to an
excessive intake of fluoride 1. Factors contributing to
the development of fluorosis include age, climate,
altitude, socioeconomic status, and the amount of
fluoride in drinking water?. Effective prevention and
intervention depend on an understanding of these
causal factors. For instance, it can aid in identifying
populations most at risk, developing reasonable
exposure limits, and implementing focused public
health initiatives to decrease fluoride consumption
and the likelihood of fluorosis. Developing
comprehensive strategies for preventing and
managing fluorosis is made possible by considering
various factors that safeguard the dental health of
populations>When scientists  discovered that
excessive fluoride was responsible for dental and
skeletal fluorosis in the 20th century, they began to
investigate the development of fluorosis. Dental
fluorosis is characterized by brown-stained tooth
enamel, which was discovered due to past practices,
such as high fluoride levels in the water supplies of
some areas. Dr. Frederick McKay, a dentist, made this
discovery, which eventually improved our
understanding of the causes of fluorosis. In addition,
in fluorosis-endemic regions like India, it has been
found that drinking water containing fluoride for an
extended period, beyond the daily requirement, is a
significant cause of the disease*®. Insights gained
from past observations regarding the causes of
fluorosis have significantly contributed to our current
understanding of the condition. They contributed to
the discovery that skeletal and dental fluorosis can
develop from prolonged exposure to fluoride. This
understanding has influenced the development of
safe limits for fluoride in drinking water and dental
products, as well as other practices and regulations
related to fluoride exposure. Additionally, historical
experiences have underscored the importance of
monitoring and regulating fluoride levels in water
supplies to prevent fluorosis in the present day®’.

1. Fluoride

As an inorganic, monatomic fluoride anion with the
chemical formula F-, fluoride is one of its
characteristics8. Known as a trace element, it is the
most basic form of the fluorine anion. Water only
contains trace levels of fluoride ions found in
various minerals. Fluoride salts, which have
distinctly bitter and sour tastes, include them. They
are very reactive. Hydrogen fluoride is produced
from fluoride, another use for fluoride, and is
classified as a weak base®. Its smaller radius/charge
ratio allows fluoride to dissolve more easily in protic
solvents, setting it apart from other halides, such as
chloride, in terms of reactivity. As fluoride is the

smallest single anion with the highest negative
charge in polar protic solvents, it is not a

nucleophilic species 19,
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Figure (1): A diagram showing the formation of a
Fluoride ion 11

Fluoride (F~) is a monatomic anion derived from
fluorine, the most electronegative element. Its small
ionic radius (1.33 A) and high charge density enable
strong interactions with calcium and phosphate
ions in biological systems, forming stable compounds
like fluorapatite in tooth enamel and bone
hydroxyapatite 12. This reactivity underpins its dual
role in health:

Benefits:

Enamel Protection: Fluoride integrates into tooth
enamel during remineralization, forming acid-
resistant fluorapatite. This process reduces cavity
risk by 20-40% and is the basis for water
fluoridation programs 11.

Cost-Effectiveness: Community water fluoridation
(0.7 mg/L)

saves 38indentalcostsper38indentalcostsperl
invested, benefiting underserved populations
disproportionately 1°.

Risks:

Dental Fluorosis: Excess fluoride during tooth
development (ages 0-7) disrupts enamel formation,
causing white streaks or brown mottling. Severe
cases are rare at recommended levels but prevalent
in regions with natural fluoride >1.5 mg/L 11

Skeletal Fluorosis: Chronic exposure (>4 mg/L)
leads to bone hardening, joint stiffness, and fracture
risk. Endemic in parts of India, China, and Africa
due to groundwater contamination with fluoride 12.

Neurocognitive Concerns: The National Toxicology
Program (NTP) associates prolonged exposure >1.5
mg/L with lower IQ in children, though evidence at
U.S. fluoridation levels (0.7 mg/L) remains
inconclusive 1314,
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Table (1): presents the concentrations of fluoride in
drinking water sourced from endemic regions.

Region Country | Fluoride Health Impact | Source
Concentrat
ion (mg/L)
Rift Valley Ethiopia | 1.5-8.7 Dental [15]
fluorosis in
58% of children
Rajasthan India 1.8-10.0 Skeletal [16]
(Groundwa fluorosis in
ter) 34% of adults
Guizhou China 2.4-8.7 Severe [17]
Province dental/skeletal
fluorosis
clusters
Nakuru Kenya 3.2-12.0 72% [18]
County prevalence of
dental
fluorosis
Punjab Pakistan | 0.7 - 24.0 65% of villages | [19]
(Groundwa exceed WHO
ter) limits
Sao Brazil 0.5-6.8 Endemic [20]
Francisco dental
Basin fluorosis in
rural
communities
Volcanic Tanzania 2.0-15.0 High rates of | [21]
Regions skeletal
fluorosis

This table synthesizes data from peer-reviewed
studies to illustrate the geographic variability of
fluoride concentrations in drinking water and their
associated health impacts in regions where fluorosis
is endemic?>-21, Fluorosis, resulting from high fluoride
appears as skeletal
abnormalities and presents a significant public health

consumption, dental or

issue in regions where groundwater naturally
contains elevated fluoride levels 22,

Additionally, fluoride has been proposed as a
treatment for osteoporosis due to its ability to
enhance bone density and stimulate osteoblast
activity, as well as its positive effects on dental
health 23. However, the decrease in fracture risk is
not well established, even though it produces denser
bone. Although fluoride has many positive effects on
dental health, it can be toxic if consumed in large
quantities. Consequently, fluoride must be used

correctly and under adult supervision, particularly
around children 24, A safe and effective method of
preventing tooth decay, fluoridating water can cut
tooth decay by 25%, according to the American
Dental Association (ADA), the American Academy
of Pediatrics (AAP), and the Centers for Disease
Children should use
fluoride toothpaste and drink fluoride-treated water.
Dental or other healthcare professionals
recommend fluoride supplements if the tap water
isn't fluoridated. According to the study, dental

Control and Prevention 25,

may

fluorosis and caries have been significantly reduced
in Swiss schoolchildren, thanks to salt fluoridation
schemes and low-fluoride  toothpastes 26
Furthermore, there is some evidence that fluoride
intake during pregnancy may have both positive and
negative effects on maternal and fetal health. Fluoride
is essential for maintaining oral health, which is
linked to the health of newborn babies, so pregnant
women should not decrease their fluoride intake.
However, excessive fluoride intake during early
pregnancy may lead to increased prevalence and
severity of maternal anaemia as well as adverse fatal

outcomes, as shown in Figure 2 2728,
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Figure (2): Fluoride, an uncharged molecule, is
thought to move through lipid bilayers during
pregnancy, eventually reaching the alkaline
compartment. Changes in pH cause potential
changes 28.

2. Sources of Fluoride Exposure

2.1 Natural Sources

3.1.1

People are primarily exposed to fluoride through
drinking water and dental products that contain
fluoride. Dental fluorosis, which results from high
fluoride consumption when teeth are growing, is a
typical side effect of this exposure, particularly in
children eight and older. Fluoride dosage, timing,
and duration all affect how severe dental fluorosis
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is 29. An increased incidence of dental fluorosis has
been linked to higher fluoride levels in drinking
water. In locations with higher fluoride
concentrations, a notable proportion of children and
adolescents exhibit signs of fluorosis. Regional
variations in the amount of fluoride in drinking water
can impact the incidence of fluorosis 3. Excessive
fluoride exposure, particularly from drinking water,
can lead to a condition known as skeletal fluorosis,
which develops when fluoride builds up in the bones
and may cause joint stiffness, discomfort, and weak
bones 31. To prevent the development of skeletal
fluorosis, the U.S. Environmental Protection Agency
has set a fluoride threshold for drinking water of 4.0
mg/L 24, Researchers have found that higher fluoride
levels in water and plasma are linked to a higher
incidence of dental fluorosis. This indicates that
fluoride levels in various parts of the world can
impact the prevalence of fluorosis. According to these
results, it may be necessary to reevaluate the current
recommendations for fluoridating water to reduce
excessive fluoride exposure and the associated health
problems 32. Drinking water is a significant source of
fluoride exposure. Variations in fluoride levels across
different geographic regions can impact the
prevalence of fluorosis, making it crucial to monitor
and control these levels 32.

3.1.2. Soil and Air

Several factors affect the amount of fluoride in the
environment, particularly soil. Fluoride exhibits low
solubility, with more than 90% of its solubility
detected in soil particles 33. Fluorine soil pollution
may have an impact on crop productivity and
composition. Different fractions of fluorine can be
found in soil, including those soluble in water,
exchangeable, bound to organic matter, and coupled
with iron and manganese. Elevated fluoride
concentrations in the soil may impede the growth of
microorganisms and the breakdown of organic
materials 33. Variations in soil fluoride levels can
impact the element composition of plants due to
environmental contamination containing fluorine
compounds. Commercially produced fluorinated
products have been more prevalent in recent years;
in the case of crop protection agents, for instance,
they now make up nearly 20% of all compounds on
the market 27.

Fluoride pollution of the soil impacts agriculture's

growth and productivity, and it may also have
adverse effects on the food chain, fluoride exposure in
animals and humans, and the food chain itself.
Increased soil fluoride concentrations can also alter
the fluoride content of animal feed, which can change
the fluoride content of animal-derived consumables,
such as eggs 34.

3. Anthropogenic Sources of Fluoride:

4.1. Dental Products:

Dental products differ in their fluoride levels based on
their type. 1.4 mg of fluoride is included in one gram
of toothpaste, or 1400 ppm, in most adult toothpastes
available in Switzerland, according to the Helvident
website 35. Around 105 mg of fluoride is present in a
75 ml toothpaste tube, and roughly

0.7 mg is present in a 1 cm toothpaste (1400 ppm
fluoride) used for brushing teeth. About 0.15
milligrams of fluoride are present in 75 ml of
children's toothpaste (500 ppm fluoride) 3¢. Sodium
fluoride is the active element in most fluoride
supplements, and it is also available in tablets,
lozenges, and liquids. Sodium fluoride, usually at a
concentration of 1,000 to 1,100 mg/L, is present in
most toothpaste marketed in the US. A significant
source of fluoride exposure, especially for youngsters,
is fluoridated dental products, such as toothpaste,
mouth rinses, gels, varnishes, and supplements.
Studies have indicated that toothpaste with 1000-
1250 ppm fluoride is superior to toothpaste without
fluoride for avoiding dental cavities3’.

4.2 Industrial Processes:

The dumping of industrial wastewater into
waterways and the release of industrial emissions
into the air can both result in considerable amounts
of fluoride being released into the environment due
to industrial activities. Fluoride pollution can harm
farm animals, wildlife, and plant growth and yield
38, Fluoride contamination has led to drinking water
crises worldwide, and high groundwater fluoride
levels can pose a risk to human health. Too much
fluoride exposure can damage bones and teeth
(dental fluorosis and skeletal fluorosis). Living close
to industrial regions that discharge fluoride into the
environment puts nearby communities at risk of
exposure and could increase the prevalence of
fluorosis 3°.

4.3 Nutritional Habits:

Diet plays a crucial role in determining the amount of
fluoride to which humans are exposed. Individual
factors, nutrition Figure (3), and staying hydrated
affect how our bodies deal with fluoride. Research
from Ethiopia suggests that health, altitude, and
duration of fluoride exposure can influence the
development of fluorosis*0.Reduced fluoride
absorption can be achieved by eating a diet rich in
calcium, magnesium, and antioxidants. Good oral
hygiene and limiting free sugar can also prevent tooth
decay. Fluorosis may be less common if you drink
rainwater and eat foods high in calcium, according to
research from places like Guizhou, China, and
Ethiopia's Rift Valley 4142, The American Dental
Association (ADA) recommends
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consuming fluoridated food and water to prevent
tooth decay, suggesting a diet low in sugar, healthy
snacks, and good oral hygiene 40. A study from the
UK stresses the importance of labelling fluoride
content, especially on baby products. This helps
manage fluoride intake, reducing the risk of
fluorosis. Naturally, high-fluoride foods include
grapes, raisins, melons, apples, strawberries,
bananas, peaches, potatoes, spinach, shrimp, crab,
coffee, and black tea“3.
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Figure (3): Foods highest in fluoride 3¢

4.4 Dental Effects

Fluoride, especially in small children, can have
both beneficial and detrimental effects on oral
health. It can help prevent early decay and tooth
decay by strengthening the enamel's resistance to
acid attacks. Fluorosis, a disorder linked to
aberrant enamel growth, can result from excessive
fluoride, particularly in young children (under
seven years old) 4. Fluorosis, usually brought on by
consuming large amounts of naturally occurring
fluoride, such as that present in healthy water, can
produce tooth discoloration that varies from light
white to dark brown patches (Figure 4). It's critical
to provide children with the appropriate dosage of
fluoride to prevent tooth decay without contributing to
fluorosis. Dentists can offer guidance on using
luoride correctly to promote children's dental
health37.

Figure (4): The effects of fluorosis on teeth are
long-lasting, although cosmetic procedures can
address or conceal the discoloration and flaws38.

Fluoridation initiatives, aiming to achieve a
concentration of one part per million (mg/l), are
currently in progress in the Basel-Stadt canton of
Switzerland 3°. Official recommendations include
the use of fluoride salts found in dental hygiene
products and table salt. According to the Swiss
Society of Nutrition (SSN), adults should aim for a
daily fluoride intake between 3.1 and 3.8 mg.
Fluoride concentrations in drinking water exhibit
variations across Switzerland. Supplementation is
necessary to meet acceptable levels where natural
fluoride is insufficient 2°. Switzerland has begun
fluoridating its water, following broader European
practices that involve adding fluoride to table salt.
The City of Basel started this. The fact that less
fluoride-related dental plaque forms in
Switzerland's younger people is due mainly to the
widespread use of low-fluoride toothpaste, which
became popular in 1986 and stayed popular until
1992 40,

4. Environmental Implications of Fluoride:
Ecosystems and Soil Health

Fluoride contamination poses significant risks to
ecosystems and soil health, with cascading effects on
biodiversity and agricultural sustainability. Natural
sources like volcanic emissions and geogenic
weathering release fluoride into soil and water, while
anthropogenic activities, such as industrial
emissions, phosphate fertilizer use, and water
fluoridation exacerbate contamination 45.

4.1 Soil Health Degradation

Excessive fluoride in soil disrupts the microbial
communities that are critical for organic matter
decomposition and nutrient cycling. For instance,
soils near phosphorus chemical plants in China’s
karst regions showed fluoride levels up to 1,496
mg/kg, 172% above national baselines, impairing
crop yields and altering plant nutrient uptake 46.
Fluoride binds to soil particles, reducing solubility
but persisting in the environment, which inhibits
root growth and lowers agricultural productivity.
Leafy vegetables, such as spinach and pakchoi,
exhibit higher fluoride bioaccumulation,
threatening food safety 47.

4.2 Ecosystem Disruption

Fluoride’s bioaccumulation in terrestrial and aquatic
food chains amplifies ecological risks. Insects near
aluminum smelters in Montana accumulated up to
585 ppm fluoride, passing toxicity to predators like
birds and mammals 4. Chronic exposure causes
skeletal fluorosis in wildlife, as seen in chipmunks
with bone fluoride levels exceeding 13,000 ppm
[48]. Aquatic
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a maximum contaminant level of 4.0 mg/L to

safeguard against skeletal fluorosis and other health
risks, ensuring water systems comply through routine
monitoring and corrective actions

50, Meanwhile, regions like Basel-Stadt, Switzerland,
implement tailored adjustments to community water
fluoridation, balancing naturally occurring fluoride
(0.1-0.4 mg/L) with minimal supplementation to
maintain optimal dental benefits while avoiding
excess exposure 50. These strategies collectively
prioritize public health by harmonizing regulatory
standards with localized, data-driven practices to
mitigate fluoride-related risks.

6. Conclusion:

The primary health advantages of fluoride are its
ability to prevent tooth decay and promote dental
health. Pregnant women should not reduce their
fluoride intake because fluoride is necessary for
maintaining oral health, which is linked to the health
of newborn babies. However, fluorosis, whether
dental or skeletal, results from prolonged excessive
fluoride consumption, particularly during tooth or
bone growth. Water is a significant source of fluoride
exposure, and variations in fluoride levels across
geographic regions can influence the prevalence of
fluorosis, highlighting the importance of monitoring
and regulating fluoride concentrations in drinking
water to prevent adverse health consequences.
Additionally, polluting the soil with fluoride can
harm the growth and productivity of crops, impacting
the food chain and the amount of fluoride to which
people and animals are exposed. To limit the amount
of fluoride that enters their systems and reduce the
risk of dental fluorosis, food and drink products
should have fluoride labels, which is especially
important for infants and young children.

ecosystems are equally vulnerable: freshwater
invertebrates like Hyalella azteca suffer growth
inhibition at 4 mg/L, while marine algae experience
reproductive disruptions 4°. Figure 5 displays a
Flowchart of fluoride’s environmental pathways
and health impacts.

Understanding Fluoride's Journey and Health Impacts

Transport

Figure (5). Flowchart of fluoride’s environmental
pathways and health impacts

5. Prevention and Management Strategies

for Fluorosis

Effective prevention and management of fluorosis
require a multi-faceted approach targeting fluoride
exposure reduction, public health education, and
environmental stewardship.

5.1 Water Source Management

5.1.1 Defluorination: These  Technologies
employ diverse methods to address excessive
fluoride in water. Activated Alumina, utilized in
India’s National Programme for Prevention and
Control of Fluorosis (NPPCF), efficiently removes
90% of fluoride atalow cost ($0.02-0.05 perliter), DECLARATIONS
making it scalable for rural communities. Reverse
Osmosis (RO), deployed in Rajasthan, India,
effectively reduces fluoride levels to safe levels (<1.5
mg/L), but faces challenges such as high energy
demands and maintenance costs, which limit
accessibility in resource-poor areas 21. Rainwater
Harvesting, promoted in Ethiopia’s Rift Valley,
offers a sustainable, low-fluoride alternative by
capturing rainfall, though its success depends on
seasonal availability and infrastructure. Together,
these strategies strike a balance between efficacy,
cost, and local feasibility to combat fluorosis in
endemic regions 44.

5.2 Policy Interventions: Policy Interventions
involve regulatory and adaptive measures to
manage fluoride levels in drinking water. The U.S.
Environmental Protection Agency (EPA) enforces
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