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ABSTRACT

Fluoride, widely used in dental care and water fluoridation, has beneficial effects at controlled levels, but excessive exposure
poses significant health risks. This review highlights the systemic toxicity of fluoride, particularly its effects on the
reproductive, renal, and endocrine systems. In males, fluoride exposure reduces sperm quality by impairing motility and
increasing oxidative stress, while in females, it disrupts ovarian function and hormone balance, leading to reduced fertility.
Chronic exposure also impacts renal function, exacerbating nephrotoxicity and increasing the risk of kidney stones.
Furthermore, fluoride interferes with thyroid and pineal gland function, leading to hypothyroidism and disruptions in
circadian rhythms. Several factors, including age, nutritional status, and duration of exposure, influence the severity of
fluoride toxicity. Prevention strategies such as water treatment, public health measures, and dietary interventions are crucial
in minimizing exposure. Advances in research are focused on understanding fluoride’s molecular pathways, developing early
detection biomarkers, and improving fluoride removal technologies. These efforts are vital for mitigating the risks of fluoride
toxicity and safeguarding public health.

Keywords: Fluoride toxicity, Reproductive health; Renal dysfunction; Endocrine disruption; Oxidative stress;
Hypothyroidism; Fertility;, Water fluoridation; Public health; Biomarkers, Fluoride removal; Preventive strategies.

1. INTRODUCTION

Fluoride (F") is a naturally occurring ion widely recognized for its role in preventing dental caries through the fortification
of tooth enamel. It is commonly added to water supplies and dental products to enhance oral hygiene and reduce tooth decay
(ADA., 2020). However, prolonged exposure to excessive fluoride levels can have serious health consequences, particularly
in regions where groundwater is naturally rich in fluoride. Endemic fluorosis, prevalent in countries like India, China, and
parts of Africa, results from chronic ingestion of fluoride-laden water, leading to severe skeletal and dental issues (Ayoob &
Gupta, 2006).

The most significant source of fluoride exposure is drinking water. In regions where fluoride levels in groundwater exceed
the WHO's recommended upper limit of 1.5 mg/L, the population is at risk of developing fluorosis (WHO, 2011). Besides
water, fluoride exposure can occur through the use of dental care products, such as toothpaste and mouth rinses, as well as
from dietary sources, such as tea, fish, and processed foods (Buzalaf et al., 2010). Industrial emissions in areas surrounding
aluminum smelting and phosphate fertilizer production facilities are also notable sources of fluoride contamination (Doull et
al., 2006).

Fluoride toxicity primarily manifests through skeletal and dental fluorosis, conditions that develop after prolonged exposure
to high fluoride levels. Dental fluorosis occurs when fluoride disrupts the formation of enamel, leading to discoloration and
pitting in the teeth, particularly in children exposed during the tooth formation phase (Buzalaf ef al., 2011). Skeletal fluorosis,
on the other hand, results from the accumulation of fluoride in bones, which leads to increased bone density, joint stiffness,
and pain, ultimately causing deformities and restricted mobility in severe cases (Meenakshi & Maheshwari, 2006).

Recent studies have also highlighted fluoride’s potential neurotoxic effects, especially concerning cognitive development in
children. High fluoride exposure during critical developmental periods has been associated with decreased 1Q levels and
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impaired learning and memory functions. These findings have raised alarms about the safe limits of fluoride in drinking
water and dental products (Choi et al., 2012; Grandjean & Landrigan, 2014). Furthermore, fluoride has been shown to disrupt
thyroid function, impair reproductive health, and induce renal toxicity, particularly in populations with compromised kidney
function (Green et al., 2019).

The risk of fluoride toxicity is influenced by several factors, including the duration and level of exposure, individual
nutritional status, and age. For instance, children are more vulnerable to dental fluorosis because their enamel is still
developing, while individuals with poor calcium intake or kidney disease are more susceptible to skeletal fluorosis and other
systemic effects (Buzalaf et al., 2010). Prolonged fluoride intake can disrupt calcium metabolism, leading to hypocalcemia,
which further exacerbates skeletal problems and other systemic toxicities (Mullinex et al., 1995).

Given the growing awareness of the adverse health effects associated with excessive fluoride exposure, it is critical to
implement prevention and mitigation strategies. These include water defluoridation in affected areas, public education on
safe fluoride use, and stringent regulation of fluoride concentrations in consumer products (WHO, 2017). Recent
advancements in water treatment technologies, such as reverse osmosis and activated alumina filtration, have shown promise
in reducing fluoride levels in drinking water, especially in rural and resource-limited settings (Ayoob & Gupta, 2006).

2. SOURCES OF FLUORIDE EXPOSURE

Fluoride exposure comes from various natural and anthropogenic sources, which can lead to both beneficial and harmful
health effects depending on the dose and duration of exposure. Below are the main sources of fluoride exposure:

2.1 Drinking Water

One of the most common sources of fluoride is drinking water, either naturally occurring in groundwater or artificially added
through water fluoridation programs. In many regions, groundwater contains naturally high levels of fluoride, particularly in
areas with volcanic rock, deep wells, or mineral deposits. For instance, parts of India, China, and East Africa have
groundwater fluoride levels that exceed the WHO’s recommended limit of 1.5 mg/L, leading to endemic fluorosis in these
areas (Amini et al., 2008). Fluoridation of public water supplies has been widely implemented in countries like the United
States and Australia to prevent dental caries; however, concerns about overexposure persist in areas where natural fluoride
levels are already high (WHO, 2011).

Fluoride content in various districts of Rajasthan

District Fluoride Concentration (mg/L) | Source/Reference

Ajmer 5.1 Water Quality Assessment Report, 2023
Alwar 4.8 Groundwater Quality Report, 2023
Banswara 8.0 Gupta et al., (2023)

Baran 1.5 Singh et al., (2022)

Bharatpur 2.5 Mehta ef al., (2023)

Bhilwara 6.0 Sharma et al., (2023)

Dausa 2.8 Kumar et al., (2023)

Dungarpur 12.0 Jain et al., (2023)

Jaipur 32 Jain et al., (2023)

Jaisalmer 4.5 Rajasthan Water Resources Department, (2023)
Jhalawar 3.0 Gupta et al., (2023)

Jhunjhunu 2.0 Water Quality Assessment Report, (2023)
Kota 2.5 Water Quality Assessment Report, (2023)
Nagaur 32 Mehta et al., (2023)

Pali 5.5 Sharma et al., (2023)

Rajsamand 4.0 Kumar et al., (2023)
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Sawai Madhopur 2.7 Water Quality Assessment Report, (2023)
Sikar 1.8 Gupta et al., (2023)

Tonk 2.2 Mehta et al., (2023)

Udaipur 5.0 Jain et al., (2023)

2.2 Dental Products

Toothpaste, mouth rinses, and other dental care products are significant sources of fluoride, particularly for children who
may accidentally ingest toothpaste during brushing. Most toothpaste contain 1000—1500 ppm of fluoride, and swallowing
even small amounts regularly can lead to excessive fluoride intake, potentially resulting in dental fluorosis (Buzalaf ef al.,
2011). The absorption of fluoride from these products is also a concern in populations already receiving fluoride from
drinking water or dietary sources (Zohoori & Maguire, 2018).

Fluoride concentration in various dental products

Dental Product Fluoride Concentration Source/Reference

Fluoride Toothpaste (1000-1500 ppm) 1.0-1.5 mg/g Whitford GM, 1994

Fluoride Mouth Rinse (0.05%) 0.23 mg/10 ml Touyz LZ, 2013

Fluoride Gel (Professional Use 1.23%) 12.3 mg/g Institute of Medicine, 1997
Fluoride Varnish (5% Sodium Fluoride) 22.6 mg/ml Water Fluoridation Report, 2023

2.3 Dietary Sources

Fluoride is naturally present in certain foods and beverages. Tea, for example, is known to contain relatively high
concentrations of fluoride, with levels varying depending on the type and region of cultivation. Other sources include
seafood, processed foods, and vegetables grown in areas with fluoride-rich soil (Buzalaf et al., 2010). Dietary fluoride intake
can vary considerably depending on individual food habits, regional agriculture, and water contamination.

Various dietary sources of fluoride (F-) along with their fluoride concentration

Fluoride Concentration

Dietary Source (mg/L or mg/kg) Source/Reference

Black Tea 1.0 - 6.5 mg/L Touyz LZ. (2013); Whitford GM. (1994)

Green Tea 1.5-4.5 mg/L Touyz LZ. (2013); Institute of Medicine. (1997)
Seafood (e.g., sardines) 0.5 - 1.5 me/ke Institute of Medicine. (1997); Whitford GM.

(1994)

Fluoridated Drinking Water | 0.7 - 1.2 mg/L Institute of Medicine. (1997); Water Fluoridation

Report (2023)
Cr({ps (in  fluoride-rich 0.1 - 0.4 mgke Institute of Medicine. (1997); Whitford GM.
regions) (1994)
Shellfish (with bones) 1.0 - 2.5 mg/kg Whitford GM. (1994); Water Fluoridation Report
(2023)
2.4 Airborne Fluoride

Industrial emissions are another significant source of fluoride exposure, particularly in areas surrounding industries such as
aluminum smelting, phosphate fertilizer manufacturing, and coal burning (Doull ef al., 2006). Airborne fluoride in the form
of hydrogen fluoride (HF) can settle onto crops, soil, and water bodies, leading to indirect ingestion through food and water.
People living near these industrial facilities are at a higher risk of fluoride toxicity due to long-term exposure.
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Airborne fluoride concentrations

Airborne Fluoride Source Fluoride Concentration Source/Reference
(mg/m?)

Industrial ~ Emissions  (Aluminum 0.01-0.05 mg/m? Whitford GM, 1994

Smelters)

Phosphate Fertilizer Plants 0.02-0.10 mg/m? Institute of Medicine, 1997

Coal Combustion 0.005-0.03 mg/m? Touyz LZ, 2013

General Urban Air 0.0005-0.001 mg/m? Water Fluoridation Report, 2023
2.5 Medications

Certain medications, such as fluoride supplements and some anesthetic agents, contain fluoride and can contribute to the
overall fluoride burden in the body. Fluoride supplements are sometimes prescribed to individuals living in areas where
drinking water is deficient in fluoride, but their use must be carefully monitored to avoid overexposure (Turner & Francis,
2011).

Fluoride concentration in different medications

Medication Fluoride Concentration Source/Reference

Fluorinated Anesthetics (e.g., | Up to 3.5 mg/day (post-operative

Sevoflurane) release) Whitford GM, 1994

Certain Antacids (containing

magnesium or aluminum hydroxide) 0.5-1.0 mg per tablet TouyzL.Z, 2013

Anti-inflammatory drugs (like

NSAIDS) with fluorine derivatives Varies depending on dosage Institute of Medicine, 1997

Water Fluoridation Report,

Anti-cancer drugs (e.g., Fluorouracil) | Varies based on treatment protocol 2023

2.6 Pesticides

Some fluoride-containing compounds are used as pesticides, particularly in agriculture. Fluoride-based pesticides are applied
to crops, and residual amounts can be found on the surface of fruits and vegetables. While these residues are usually present
in small amounts, prolonged exposure from consuming contaminated produce can contribute to fluoride accumulation in the
body (Buzalaf et al., 2011).

Fluoride concentration found in pesticides

Pesticide Fluoride Concentration Source/Reference

Cryolite (used in insecticides) 20,000-50,000 mg/kg Whitford GM, 1994

Sulfuryl fluoride (used in fumigation) | 500-10,000 mg/kg Touyz LZ, 2013

Sodium fluoride (pesticide use) 25,000 mg/kg Institute of Medicine, 1997
Other fluoride-based pesticides Variable depending on type | Water Fluoridation Report, 2023

2.7 Industrial Contaminants

Fluoride contamination of water sources can occur as a result of industrial discharges. Phosphate fertilizer plants, brick kilns,
and ceramic factories can release fluoride into the surrounding environment, contaminating nearby water sources. Industrial
waste often contains high concentrations of fluoride, which can seep into groundwater and contribute to long-term human
exposure (Ayoob & Gupta, 2006).
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Fluoride concentration found in industrial contaminants

Industrial Contaminant Fluoride Concentration Source/Reference
Aluminum manufacturing waste 1,000-10,000 mg/kg Whitford GM, 1994
Phosphate fertilizers 200-5,000 mg/kg Zohar et al., 2020

Glass production 500-2,000 mg/kg Touyz LZ, 2013
Fluorosilicic acid (used in water fluoridation) 1,000-50,000 mg/L Institute of Medicine, 1997
Semiconductor manufacturing Variable concentrations EPA, 2018

These sources collectively contribute to fluoride accumulation in the body, where the balance between beneficial and harmful
effects hinges on the total intake and individual susceptibility. Effective public health strategies must therefore aim to monitor
and regulate fluoride exposure from all sources to ensure that populations receive the dental benefits without suffering from
systemic toxicity.

3. MECHANISMS OF FLUORIDE TOXICITY

Fluoride toxicity arises primarily from its strong affinity for calcium and phosphate ions, leading to disruptions in various
physiological processes. The systemic effects of fluoride toxicity are mediated through multiple mechanisms that impact
enzymatic functions, oxidative balance, and calcium homeostasis.

3.1 Inhibition of Enzymatic Activity

Fluoride’s toxicity is partly due to its strong affinity for calcium, which allows it to interfere with calcium-binding proteins
and various enzymes. A key enzyme affected is enolase, which plays a critical role in the glycolytic pathway by facilitating
the conversion of 2-phosphoglycerate to phosphoenolpyruvate. The inhibition of enolase by fluoride disrupts this metabolic
pathway, leading to impaired glucose metabolism and an energy deficit, particularly in cells with high energy requirements
such as neurons and muscle cells (Whitford, 1996). This energy deficit can result in muscle weakness, fatigue, and cognitive
dysfunction. Additionally, fluoride inhibits ATPase enzymes, which are essential for maintaining the balance of ions across
cell membranes, further compromising cellular energy production and homeostasis (Sharma et al., 2007). The combined
inhibition of these enzymes leads to widespread metabolic disruptions in tissues exposed to excessive fluoride.

3.2 Oxidative Stress:

Excessive fluoride exposure leads to the generation of reactive oxygen species (ROS), which play a significant role in
inducing oxidative stress. ROS cause damage to various cellular components, including lipids, proteins, and DNA. The
oxidative stress triggered by fluoride is associated with lipid peroxidation, which compromises cell membrane integrity,
protein denaturation, leading to dysfunctional enzymes and structural proteins, and DNA damage, contributing to
mutagenesis and impaired cellular functions (Barbier ef al., 2010). This chain of cellular injury promotes inflammation and
cell death, particularly in sensitive tissues like the brain. Fluoride-induced oxidative stress has been strongly linked to
neurotoxicity, with evidence showing that it contributes to cognitive decline and developmental neurotoxicity, especially in
children exposed to high fluoride levels during critical growth periods. Furthermore, prolonged oxidative stress plays a
crucial role in the progression of skeletal fluorosis, where chronic exposure leads to structural bone changes (Sharma et al.,
2007). This dual impact on both neurological and skeletal systems underscores the severe consequences of uncontrolled
fluoride exposure.

3.4 Disruption of Calcium Homeostasis

Fluoride disrupts the body’s calcium metabolism, which plays a crucial role in maintaining normal cellular functions.
Excessive fluoride exposure interferes with calcium absorption, leading to hypocalcemia—a condition characterized by
abnormally low calcium levels in the blood. Hypocalcemia can trigger several adverse health effects, including muscle
spasms, tetany, and, in severe cases, cardiac dysfunction, such as arrhythmias (Gao et al., 2012). Fluoride also accumulates
in bones, where it combines with calcium to form fluoroapatite. While this increases bone density, it paradoxically makes
bones more brittle and prone to fractures. This condition is a defining feature of skeletal fluorosis, a disorder that occurs in
regions where drinking water contains high levels of fluoride (Meenakshi & Maheshwari, 2006). The disruption of calcium
homeostasis underscores the systemic toxicity of fluoride, as it affects both soft tissues and the skeletal system.

These mechanisms collectively illustrate the wide range of toxic effects that fluoride can exert on the body, particularly
when exposure levels surpass the recommended safe limits. The disruption of enzymatic functions, oxidative damage, and
impaired calcium metabolism demonstrate how fluoride toxicity can affect various systems, including neurological,
muscular, skeletal, and cardiovascular health. Chronic overexposure to fluoride—whether through contaminated drinking
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water, industrial pollutants, or dental products—magnifies these adverse effects, emphasizing the need for stringent control
of fluoride levels in public health policies (Gao et al., 2012; Meenakshi & Maheshwari, 2006).

4. SYSTEMIC EFFECTS OF FLUORIDE TOXICITY
4.1. Skeletal System

Chronic fluoride exposure can lead to skeletal fluorosis, a debilitating condition characterized by a series of pathological
alterations in bone structure and function. One of the hallmark features of skeletal fluorosis is increased bone density, which
may initially seem advantageous but is, in fact, indicative of significant underlying skeletal alterations. Fluoride accumulates
in the bones over time, replacing hydroxyl ions in hydroxyapatite—the primary mineral component of bone—thereby
profoundly altering both the architecture and mechanical properties of bone tissue (Zhao et al., 2021). The progression of
skeletal fluorosis typically occurs in several stages, each with distinct clinical manifestations:

4.1.1 Early Symptoms:

The condition often begins insidiously with mild symptoms such as stiffness and joint pain, which can be easily mistaken
for other musculoskeletal disorders (Chankvetadze ef al., 2023). Patients may report discomfort during physical activities,
leading to a gradual decline in mobility. These early signs can be overlooked, delaying diagnosis and intervention.

4.1.2 Progression to Osteosclerosis

As fluoride levels continue to rise within the bones, more severe manifestations can develop, including osteosclerosis. In this
stage, bones become abnormally dense and hard (Vijayakumar et al., 2022). While this increased density may suggest
strength, it paradoxically impairs the normal mechanical properties of bone, rendering it more brittle and susceptible to
fractures, particularly under stress or trauma. The alteration in bone remodeling dynamics results from fluoride's interference
with osteoblast and osteoclast activity, leading to an imbalance that favors mineral accumulation over resorption.

4.1.3 Ligament Calcification

Another significant consequence of chronic fluoride exposure is the calcification of ligaments. This process can lead to
restricted movement and reduced flexibility, further exacerbating joint pain and discomfort (Kumar et al., 2022). Ligament
calcification is often associated with a loss of functional range of motion, making daily activities increasingly challenging
for affected individuals.

4.1.4 Severe Deformities

In advanced cases of skeletal fluorosis, patients may develop severe deformities that adversely affect overall posture and the
ability to perform daily activities. These deformities can manifest as abnormal curvature of the spine, changes in limb
alignment, and other skeletal irregularities. The resultant physical limitations can significantly impair quality of life, leading
to chronic pain, disability, and emotional distress (Gao et al., 2012).

Overall, skeletal fluorosis exemplifies the complex interplay between fluoride's biochemical effects and bone physiology,
highlighting the necessity for increased awareness and prevention strategies in populations at risk of excessive fluoride
exposure. Public health initiatives must focus on monitoring fluoride levels in drinking water, educating communities about
the potential risks of fluoride, and implementing measures to reduce exposure, particularly in vulnerable groups such as
children and individuals with pre-existing skeletal conditions.

4.2. Dental Fluorosis

Fluoride toxicity is well-documented for its role in causing dental fluorosis, particularly in children during critical periods of
tooth development. High levels of fluoride exposure, especially during the formation of permanent teeth, can significantly
disrupt the function of ameloblasts—the specialized epithelial cells responsible for enamel formation. This impairment leads
to enamel hypomineralization, characterized by inadequate mineral content in the enamel matrix, ultimately compromising
the structural integrity and aesthetic appearance of the teeth (Dhar et al., 2021). The clinical manifestations of dental fluorosis
can be categorized into several distinct features:

4.2.1 Discoloration

One of the most conspicuous signs of dental fluorosis is enamel discoloration. Affected teeth may exhibit a spectrum of color
changes, ranging from white streaks or spots to brown or yellow stains, depending on the severity of the condition (Petersen
et al., 2020; Pankaj et al., 2022). The extent and type of discoloration are influenced by the timing, duration, and
concentration of fluoride exposure during enamel development.

4.2.2 Pitting

In addition to discoloration, dental fluorosis can result in pitting on the tooth surface. This phenomenon is attributed to the
structural weakness of the enamel, which makes it more susceptible to surface irregularities and defects (Kumar ez al., 2021).
The presence of pits can further exacerbate aesthetic concerns and contribute to plaque retention, increasing the risk of dental
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caries.
4.2.3 Erosion of the Tooth Surface

In severe cases of dental fluorosis, the enamel may become so compromised that it leads to erosion of the tooth surface. This
erosion not only detracts from the aesthetic appearance of the teeth but also heightens the risk of dental caries and other
complications. The exposure of underlying dentin due to enamel erosion renders the teeth more vulnerable to decay,
sensitivity, and structural damage (Rosenblatt et al., 2019; Chhabra et al., 2023).

4.2.4 Impact on Oral Health

Beyond the aesthetic implications, dental fluorosis can have broader repercussions for oral health. The compromised enamel
structure associated with fluorosis can lead to increased susceptibility to cavities, heightened sensitivity, and a range of other
dental issues, necessitating more extensive and costly dental treatments for affected individuals (Berkowitz et al., 2017;
Zhang et al., 2022). Additionally, the psychosocial impact of dental fluorosis, particularly in children and adolescents, can
lead to decreased self-esteem and social interaction.

Given that dental fluorosis primarily arises from excessive fluoride intake during childhood, this condition underscores the
importance of monitoring fluoride exposure in young populations. Public health strategies should focus on educating parents
and caregivers about the sources of fluoride, recommending appropriate dental hygiene practices, and ensuring that
community water fluoridation levels remain within safe limits to prevent the onset of dental fluorosis.

4.3. Neurological Effects

Recent studies have increasingly linked high fluoride exposure to neurotoxicity, particularly in vulnerable populations such
as children (Grandjean & Landrigan, 2014). Chronic exposure to fluoride has been associated with a variety of adverse
neurological effects, including reduced cognitive function, impaired memory, and an increased risk of neurodevelopmental
disorders. These findings raise significant public health concerns regarding fluoride exposure from various sources, including
drinking water, dental products, and food.

4.3.1 Cognitive Impairment

Epidemiological studies have consistently shown a correlation between elevated fluoride levels in drinking water and lower
IQ scores in children. A comprehensive meta-analysis conducted by Zhang et al. (2020) revealed that children residing in
high-fluoride areas exhibited significantly poorer performance on cognitive assessments compared to their counterparts in
low-fluoride regions. This decline in cognitive ability is thought to stem from fluoride's interference with neurotransmitter
systems and synaptic plasticity, both of which are crucial for learning and memory (Choi ef al., 2012). The impact of fluoride
on cognitive development raises concerns about its long-term implications for educational achievement and overall quality
of life.

4.3.2 Impairment

Research indicates that fluoride exposure can adversely affect memory retention and recall. Animal studies have
demonstrated that fluoride disrupts normal neurodevelopment and synaptic functioning, leading to deficits in memory tasks.
Specifically, exposure to fluoride has been shown to impair hippocampal function—an area of the brain integral to memory
formation—resulting in difficulties with both short-term and long-term memory (Li ef al., 2017). The hippocampus is
particularly sensitive to neurotoxic agents, making it a critical target for fluoride's effects.

4.3.3 Neurodevelopmental Disorders

There is a growing body of evidence linking fluoride exposure to the development of neurodevelopmental disorders, such as
attention deficit hyperactivity disorder (ADHD) and autism spectrum disorders (ASD). A pivotal study by Bashash et al.
(2017) found that higher maternal fluoride levels during pregnancy were associated with an increased risk of behavioral
issues in offspring. This suggests that prenatal exposure to fluoride may represent a critical window for neurodevelopmental
impacts, necessitating heightened awareness among expectant mothers regarding fluoride sources.

4.3.4 Mechanisms of Neurotoxicity

Fluoride-induced neurotoxicity involves several complex mechanisms that affect brain function. Studies show that fluoride
can cross the blood-brain barrier, leading to its accumulation in the brain, which is a critical step in triggering neurotoxic
effects (Nisbet et al., 2017). Once in the brain, fluoride promotes oxidative stress by generating reactive oxygen species
(ROS), which can damage essential cellular components like lipids, proteins, and DNA, disrupting normal neuronal activity.
Furthermore, fluoride’s strong affinity for calcium disturbs calcium homeostasis in neurons, a process essential for proper
signaling and neuronal health (Sharma et al., 2021). This dysregulation of calcium signaling can further exacerbate
neurotoxic effects and contribute to neuronal degeneration and cognitive decline. These findings raise concerns about
fluoride exposure, particularly its use in dental products and public water supplies, calling for cautious public health policies
to ensure the safety of vulnerable populations, especially children (Grandjean & Landrigan, 2014; Zhang et al., 2020; Choi
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et al.,2012; Bashash et al., 2017).
4.4. Reproductive System

Fluoride has been found to impact the reproductive system in both men and women. Animal studies indicate that high fluoride
exposure can result in decreased sperm motility and count in males (Duan et al., 2019). Research has shown that fluoride
can disrupt the hormonal balance, affecting the hypothalamic-pituitary-gonadal axis, which is crucial for regulating
reproductive functions (Gupta ef al., 2020).

4.4.1 Effects on Male Reproductive Health:

High fluoride exposure has been associated with reduced sperm motility and decreased sperm count, leading to impaired
fertility in males (Fang et al., 2018). A study involving rats demonstrated significant alterations in sperm parameters, with
fluoride exposure resulting in a notable reduction in motility and an increase in abnormalities in sperm morphology (Liu et
al., 2020). This decline in sperm quality is linked to the oxidative stress induced by fluoride exposure, which elevates levels
of reactive oxygen species (ROS), damaging spermatozoa and their genetic material (Zhao et al., 2021). Specifically,
fluoride has been shown to disrupt mitochondrial function in sperm cells, leading to decreased ATP production and increased
susceptibility to oxidative damage (Agarwal et al., 2021). Furthermore, fluoride exposure has been implicated in alterations
of hormone levels essential for spermatogenesis, such as testosterone, contributing to diminished reproductive capacity
(Gupta et al., 2020). The cumulative evidence suggests that fluoride poses a significant risk to male reproductive health,
necessitating further research to elucidate the underlying mechanisms and potential implications for human fertility.

4.4.2 Effects on Female Reproductive Health

Fluoride's impact is not limited to male reproduction; it has also been shown to impair fertility in females. Research indicates
that fluoride exposure can disrupt ovarian function and hormone production, leading to irregular estrous cycles and
reduced fertility (Bashash ef al., 2017). In animal studies, fluoride exposure has been associated with significant alterations
in hormone levels, including a decrease in estrogen and progesterone, both of which are essential for maintaining normal
reproductive health (Choi et al., 2012). For instance, female rats exposed to high levels of fluoride exhibited disrupted ovarian
morphology and reduced follicle count, indicating compromised ovarian reserve (Hussain et al., 2020). Moreover, fluoride-
induced oxidative stress has been shown to damage ovarian tissues, leading to decreased fertility potential (Zhao et al., 2021).
The interference with hormonal balance can further result in metabolic disturbances, which may exacerbate reproductive
challenges in females (Duan et al., 2019). Overall, the evidence suggests that fluoride exposure poses significant risks to
female reproductive health, highlighting the need for continued research in this area.

In conclusion, the evidence indicates that fluoride exposure can adversely affect the reproductive health of both men and
women. Given the potential implications for population health and reproductive outcomes, it is essential to further investigate
the reproductive toxicity of fluoride and establish guidelines to limit exposure, particularly in sensitive populations such as
pregnant women and individuals planning to conceive (Bashash et al., 2017; Duan et al., 2019; Fang et al., 2018; Gupta et
al., 2020; Zhao et al., 2021).

4.5. Renal Toxicity

The kidneys play a central role in the excretion of fluoride, and chronic fluoride exposure can significantly impair renal
function, especially in individuals with pre-existing kidney disease. Accumulation of fluoride in renal tissues has been
associated with nephrotoxicity, which manifests as compromised renal function and can increase the risk of developing
kidney stones (Gao et al., 2012). Studies have shown that fluoride can lead to oxidative stress in kidney tissues, causing
damage to renal cells and contributing to dysfunction (Liu et al., 2018). This oxidative stress is characterized by an increase
in reactive oxygen species (ROS), which can induce inflammation and cellular apoptosis in the kidneys (Kumar ez al., 2020).
Moreover, fluoride's interference with calcium metabolism can exacerbate renal issues, leading to the formation of calcium
fluoride deposits, which further complicate renal function and increase the risk of nephrolithiasis (Jiang et al., 2021). The
potential for fluoride to disrupt normal renal function highlights the importance of monitoring fluoride exposure, particularly
in vulnerable populations such as those with existing renal impairments.

4.6. Endocrine System

Fluoride exposure has been increasingly implicated in disrupting the function of various endocrine glands, particularly the
thyroid and pineal glands. Excessive fluoride has been shown to inhibit the production of thyroid hormones, which are
essential for regulating metabolism and maintaining overall hormonal balance. This inhibition can lead to hypothyroidism,
characterized by clinical manifestations such as fatigue, weight gain, and increased sensitivity to cold (Bashash et al., 2017).
A comprehensive review by Teichert et al. (2021) highlights a significant correlation between elevated fluoride levels in
drinking water and the prevalence of thyroid disorders, suggesting that populations with higher fluoride exposure may be at
an increased risk of developing thyroid dysfunction.

In addition to its effects on the thyroid gland, fluoride accumulates in the pineal gland, where it has been found to disrupt the
synthesis of melatonin, a hormone crucial for regulating circadian rhythms and sleep-wake cycles. Research indicates that
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fluoride exposure can lead to decreased melatonin levels, contributing to sleep disturbances and potentially impacting overall
health (Zhao et al., 2021). The implications of fluoride's interference with melatonin production are particularly concerning,
given the hormone's role in various physiological processes, including sleep regulation, immune function, and antioxidant
activity (Gonzalez et al., 2023). These disruptions in hormonal pathways underscore the necessity for further research to
elucidate the long-term health implications of fluoride as an endocrine disruptor.

5. FACTORS INFLUENCING FLUORIDE TOXICITY

Several factors significantly influence the severity and manifestation of fluoride toxicity, highlighting the complexity of its
effects on human health.

5.1Age

Age is a critical factor in determining susceptibility to fluoride toxicity. Children, in particular, are at a higher risk for
developing dental and skeletal fluorosis due to their higher rates of fluoride absorption and relatively lower body weight
compared to adults. Studies have demonstrated that during the developmental stages of tooth formation, fluoride exposure
can lead to enamel hypomineralization, resulting in dental fluorosis (Kumar et al., 2019). Additionally, the immature skeletal
system of children is more sensitive to fluoride accumulation, which can lead to skeletal fluorosis characterized by bone
deformities and increased fragility (Susheela et al., 2016).

5. 2 Nutrition

Nutritional status plays a significant role in modulating fluoride's effects on bones and teeth. Deficiencies in calcium and
vitamin D have been shown to exacerbate the impact of fluoride exposure. Calcium competes with fluoride for absorption in
the gastrointestinal tract, and insufficient calcium intake can enhance fluoride's harmful effects on bone mineralization and
strength (Chattopadhyay et al., 2020). Furthermore, vitamin D is crucial for calcium homeostasis; low levels of vitamin D
can impair calcium absorption, increasing the risk of fluoride-related skeletal issues (Choi ef al., 2012).

5.3 Duration of Exposure

The duration of fluoride exposure is another crucial determinant of toxicity. Chronic exposure, even at low concentrations,
can lead to cumulative toxic effects over time. Research indicates that prolonged fluoride exposure is associated with an
increased risk of skeletal fluorosis, characterized by a progressive increase in bone density and associated pain (Gupta et al.,
2017). The development of chronic conditions such as kidney dysfunction and endocrine disorders can also be attributed to
long-term exposure to elevated fluoride levels (Teichert ef al., 2021).

In summary, age, nutritional status, and duration of exposure are key factors influencing the severity of fluoride toxicity,
necessitating careful consideration of these variables in public health policies and recommendations regarding fluoride use.

5.6 Mitigation and Prevention
Preventing fluoride toxicity necessitates a comprehensive, multi-pronged strategy involving various interventions.

Water Treatment is critical; technologies such as reverse osmosis and activated alumina filtration have been proven
effective in significantly reducing fluoride concentrations in drinking water, thereby minimizing exposure (Cao et al., 2021).
Public Health Measures are equally important, particularly in regions known for endemic fluoride exposure. Regular
monitoring of fluoride levels in water supplies, coupled with community education programs about safe fluoride intake, can
enhance public awareness and health outcomes (Sharma et al., 2019).

Dietary Interventions can also play a role in mitigating fluoride toxicity. Supplementing calcium and antioxidants in
populations residing in high-fluoride areas has shown promise in reducing the adverse effects associated with fluoride
exposure (Wang et al., 2022).

Furthermore, Defluoridation Programs should be prioritized by governments, particularly in regions with naturally high
fluoride concentrations. Implementing effective defluoridation techniques can provide communities with safe drinking water,
ultimately reducing the prevalence of fluoride-related health issues (Srinivasan et al., 2020). Collectively, these strategies
are essential for addressing the public health challenge posed by fluoride toxicity.

6. FLUORIDE EXPOSURE ON VARIOUS ORGANS AND SYSTEMS, ALONG WITH THE MECHANISMS

Organ/System Effects of Fluoride Exposure | Mechanism Latest References

Dental fluorosis: discoloration | Excess  fluoride  disrupts
and pitting of tooth enamel, | enamel formation during | Chouhan et al., 2022;
from mild white streaks to | tooth development, leading to | Neidell et al., 2019

severe brown stains. hypo-mineralization.

Teeth (Dental)
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Skeletal fluorosis: stiffness,

Fluoride  accumulates in

bones, altering bone matrix

Zhang et al., 2020;

decreased thyroid hormone
production.

thyroid hormone synthesis.

Bones (Skeletal) pain, and bone deformitics; and leading to increased | Sharma et al., 2021
increased risk of fractures. brittleness ?
.. o . Fluoride crosses the blood-
Brai Cognitive deﬁc1ts,. 1nc.lud1ng brain barrier, induces | Bashash et al., 2017,
rain reduced IQ, attention issues, . . :
. and neurodevelopmental oxidative stress, disrupts | Grandjean &
(Neurotoxicity) L calcium homeostasis, and | Landrigan, 2014
problems in children.
damages neurons.
Fluoride is primarily excreted
Impaired kidney function, | through the kidneys; Dissanavake ef al
Kidneys exacerbation  of  chronic | accumulation can worsen 2020 G}r/an Jiean 201'9’
kidney disease (CKD). kidney function, especially in ’ Jean,
CKD patients.
ilvzlp (;I?y:i)rtdlcién:ressiorfegiuf(; Fluoride interferes  with | Peckham & Awofeso,
Thyroid Gland £t Sail, dep iodine uptake, inhibiting | 2014; Green et al,

2019

detoxification processes.

inflammation in hepatocytes.

. . Fluoride  exposure  may
Potential reproductive disrupt the endocrine system
Reproductive toxicity: reduced fertility, P YSWIL | yousefi e al., 2021;
. affecting reproductive
System hormonal imbalances, lower Zhang et al., 2020
. hormones and
sperm count in males. .
spermatogenesis.
Fluoride-induced  oxidative
Eyes (Lens) Cataracts: clouding of the lens, | stress and disruption of | Liang et al., 2020;
y leading to impaired vision. calcium homeostasis | Sharma et al., 2021
contribute to lens opacity.
Potential for arrhythmias and | Fluoride may interfere with
Heart h'yperte'nsmn . due to 93101un} fon channels, Amini et al, 2021:
. disruptions in calcium | impacting cardiac muscle .
(Cardiovascular) . . S . Mahvi et al., 2019
signaling and fluoride's impact | contraction and blood vessel
on vascular health. function.
Liver damage, oxidative | Fluoride-induced oxidative
Liver stress, and inflammation, | stress leads to lipid | Verma et al., 2021,
potentially leading to impaired | peroxidation and | Turner et al., 2019

7. ADVANCES IN RESEARCH AND FUTURE DIRECTIONS

Recent advancements in fluoride research have shifted towards elucidating the molecular pathways responsible for fluoride-
induced toxicity, which may facilitate the development of targeted interventions. Investigations into epigenetic changes
caused by fluoride exposure are gaining momentum, with studies highlighting how fluoride can alter gene expression
patterns, potentially leading to long-term health effects (Meyer et al., 2020). Moreover, researchers are exploring the
interactions between fluoride and other environmental toxins, which could compound the toxic effects and influence
overall health outcomes (Liu et al., 2021). Identifying reliable biomarkers for early detection of fluoride toxicity is also a
critical area of focus, aiming to establish clinical tools for monitoring at-risk populations (Yao et al., 2019). Additionally,
the pursuit of more effective and affordable fluoride removal technologies continues to be a priority, as innovations in
filtration and treatment methods could significantly mitigate fluoride exposure in communities with high levels of fluoride
in their drinking water (Ali et al., 2022). Together, these research advancements not only enhance our understanding of
fluoride toxicity but also pave the way for improved public health strategies and technologies to protect vulnerable

populations.
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8. CONCLUSION

Fluoride, though beneficial in controlled amounts, poses significant risks when exposure exceeds safe limits. The wide-
ranging systemic effects of fluoride toxicity, including impacts on the skeletal, neurological, reproductive, and endocrine
systems, highlight the need for stringent monitoring and preventive strategies, particularly in high-risk areas. Future research
should continue exploring fluoride's molecular mechanisms, develop early detection methods, and refine water treatment
solutions to mitigate the risks of excessive fluoride exposure.
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