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Abstract

Background: While fluoride is well known for its positive dental health
benefits, it is gaining attention for possible developmental neurotoxicity,
including a relationship with Autism Spectrum Disorder (ASD). High
fluoride exposure has been associated with cognitive impairment, but there
is seldom examination of its specific relation to ASD or cross cultural
differences in exposure.

Aim: To determine the neurodevelopmental effects of fluoride exposure
during early development and to evaluate whether fluoride might be
associated with ASD in particular, this systematic review documents the
results of fluoride exposure studies conducted in a variety of
environments.

Methodology: Peer reviewed studies from 2000 to 2024 were identified
through a systematic search of PubMed, Web of Science, and Scopus.
Studies that examined fluoride exposure, neurodevelopmental outcomes
and ASD traits were required to include these criteria. One hundred studies
met the final inclusion criteria after which PRISMA guidelines were
applied on 1,250 studies.

Findings: The reduced 1Q scores were consistently found to be related to
high fluoride exposure, common in rural China and Pakistan. However,
emerging, limited evidence implied a relationship between prenatal
fluoride exposure and traits of ASD. This is proposed on the basis of
oxidative stress, thyroid dysfunction and neuro-inflammation. Differences
in cross culture demonstrate the necessity for customized public health
strategies.

Implications: However, this review highlights the need for region-specific
interventions (e.g. water defluoridation, and cumulative exposure
monitoring), and the necessity for longitudinal, standardized and cross-
cultural research to allow it to inform the public health policies.
Keywords: neurodeve-lopment, fluoride exposure, Autism Spectrum
Disorder, public health, cross-cultural analysis.
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1. Introduction

Fluoride is a naturally occurring mineral
known to be an important aspect of public
health efforts at reducing dental caries.
However, its wide use, most notably through
fluoridation of the water supply, has
improved oral health conditions in large
numbers of people in many populations
around the world [1]. Nevertheless, fluoride
exposure has recently come to be concerned
about its broader systemic effects that is, its
possible effects on neurodevelopmental
health. Fluoride's possible role in Autism
Spectrum Disorder (ASD), a complicated
neurodevelopmental condition including
poor communication, social interaction, and
repetitive behaviors, both top these concerns

[2].

ASD is a complex disorder with a likely
contribution from multiple genetic and
prenatal  factors in interaction with
environmental influences. Because it is an
environmental exposure, the potential
adverse neurotoxic effects caused by
fluoride in levels greater than what is
generally considered safe and the ability of
fluoride to cross the placental barrier has
caused interest [3]. Previous studies of
exposure to high fluorides have shown links
between antenatal fluoride levels and
adverse cognitive outcomes to men in
children, including lower IQ scores. These
results have been followed up with further
investigations  into  whether  fluoride
exposure perhaps contributes as a cause of
ASD [4, 5].

This review investigates the developmental
consequence of fluoride and its cross
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cultural wuniversality with a particular
emphasis on fluoride in the etiology of ASD.
The paper aims at evaluating the consistency
of fluoride effects, their underlying
biological mechanisms and the impact of
genetic, socioeconomic  status  and
environmental conditions from synthesis of
findings from diverse cultural and
geographic contexts. The overarching aim is
to equip clinicians, researchers and
policymakers with an integrated outline of
the potential of fluoride in the pathogenesis
of neurodevelopmental disorders, pinpoint
shortcomings in the current body of research
and provide insight for future research and

public health policy.

2. Literature Review

2.1 Fluoride and Neurodevelopmental
Health

Because fluoride has been shown to have
benefit to dental health, being used wide in
the public health, current scientific
evidences show that it can have neurotoxic
effect. Studies in laboratory animals have
shown that exposure to fluoride during
critical development alters neural pathways
or inhibits synapse formation and increases
oxidative stress in the brain [6]. As an
example, doses of fluoride that cause high
levels of exposure in rats while pregnant
have been shown to be associated with
structural abnormalities in the hippocampus,
a brain area essential for learning and
memory.

Also supporting government's fluoride's
potential neurodevelopmental risks is human
studies. Studies have shown that drinking
water with elevated fluoride levels may lead
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to lower 1Q scores in children [7, 8]. In a
meta-analysis of such studies performed in
China, the average difference in IQ test
scores was seven points lower for children in
high fluride areas compared to children from
very low flury sites. These results reinforce
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fluoride's role in cognition, and spur
questions  of  broader impact on
neurodevelopmental disorders like ASD.
Figure 1 present the oxidative stress caused
by fluoride elements.
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Figure 1: Fluoride pathways that could affect neurodevelopment [9]. (image shows oxidative
stress, inhibition of synapse formation and neural signaling disruption)

2.2 Autism Spectrum Disorder: A
Multifactorial Condition

There is no single identifiable cause of ASD.
A large amount of yet undiscovered
environmental factors may also contribute to
ASD, and we know that genetic factors play
some role, as heritability ranges from 50 to
90%. Also, prenatal and early development
childhood environmental exposures are
recognized as important contributors [7]. It
is thought ASD risk is influenced by genetic
predispositions, but the factors that influence
this risk are thought to include maternal
health, poor nutrition and exposure to
environmental toxins such as fluoride.

Due to the ease with which fluoride can
traverse the placenta and accumulate in fetal
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tissues, it is considered a candidate
environmental risk factor for ASD [10]. It is
known that prenatal fluoride exposure
results in detectable transfer of fluoride to
the developing brain, which may affect
neural development. The exact mechanisms
still remain unexplored but there is the
potential for fluoride to interact with other
environmental, factors in the

etiology of ASD.

genetic

2.3.Fluoride Exposure: Cross Cultural
Variations

The difference in fluoride exposure levels
between regions is wide due to factors
varying from regional water fluoridation
policy,  dietary  habits to  natural
environmental fluoride levels [11, 12].

Variability in this dimension affords an
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opportunity to examine the effect of fluoride
in different cultural and geographical
contexts.

High-Fluoride Regions: Fluoride-related
health issues, however, including skeletal

Fluoridated Water Systems: Artificial water
fluoridation is practiced in America in
certain cities, in Canada and Australia in
most cities of the country, and as a measure
of public health in almost all countries from
all over the world. While this is meant to
perfect fluoride levels for dental health, the
amount via other sources like toothpaste and
processed foods remain a worry.
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and dental fluorosis, are common in areas
with naturally high fluoride concentrations;
these sores include China, India and Africa
[13]. Studies from these regions also have
identified possible neurodevelopmental risk
correlates to excess fluoride exposure.

Non-Fluoridated Regions: Alternative dental
health strategies have been pursued instead
by several of the European countries,
including the Netherlands and Germany,
who have chosen not to fluoridate the water.
These regions will provide important
baselines for the assessment of fluoride’s
neurodevelopmental effects in populations
without substantial fluoride exposure. Figure
2 presented the countrywide fluoride effects.

Figure 2: Global levels of fluoride exposure [14]

(Exposure levels to fluoride in high fluoride, fluoridated, and non fluoridated regions but

presented in a heat map.)
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2.4 Fluoride Evidence Link to Autism
Spectrum Disorder

While research as of yet directly links
exposure to fluoride to ASD, preliminary
results do indicate a possible connection.
Reports of increased ASD risk with elevated
prenatal fluoride exposure have been
published in case control studies. For
example, in Canada, maternal urinary
fluoride levels in the wurines during
pregnancy were found to be associated with
higher odds for ASD-related traits in
offspring [13]. But other studies have not
confirmed these results, and it is important
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to conduct standardized methodologies and
cross-cultural analyzes.

The inconsistencies in the evidence
are due to differences in both diagnostic
criteria and genetic and environmental
factors among subjects. Additionally, many
of the studies derive the degree of fluoride
exposure from the concentration of fluoride
in the drinking water without taking into
consideration the total amount of fluoride
intake from the diet and the environment.
Figure 3 presented prenatal expoure to the
fluoride exposure during pregenecy.
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Figure 3: Prenatal fluoride exposure [15]

2.5. The Effect of Fluoride on
Neurodevelopment

Fluoride is a naturally occurring mineral
which has been widely used in public health
programs to prevent dental caries because of
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proven effectiveness. But its prospect for the
systemic effects, especially the impact on
the neurodevelopment, has attracted growing
concern [16, 17]. Fluoride has also been
shown to carry potential neurotoxicity in
several studies, both in animals and humans,
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especially when the exposure happens
during potencial development windows:
prenatal and early childhood. The broader
implications of fluoride on public health
depend critically on how fluoride affects
neurodevelopment.

2.5.1. Neurotoxic Mechanisms

Fluoride has been shown to disrupt several
biological processes in the brain, which may
contribute to adverse neurodevelopmental
outcomes:

Oxidative Stress: It has been linked to
increased production of reactive oxygen
species (ROS) of the brain ultimately
leading to oxidative stress [18]. Damage to
neural cells can occur and it may also
interfere with normal brain development.

Inhibition of Synaptic Function: Fluoride
may cause interference with formation and
function of synapses, fundamental elements
of neuronal communication [19]. There
could be disturbance to cognitive and
behavioral development as a result of it.

Neuroinflammation.: Chronic treatment with
fluoride leads to brain tissue inflammation,
which erodes progress toward neural
integrity and development.

Endocrine Disruption: It was previously
reported that fluoride disrupts thyroid
hormone  function critical to  brain
development [20, 21]. Neurodevelopmental
disorders might be caused by altered thyroid
hormone levels during pregnancy or early
childhood.
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Interaction  with  Calcium  Signaling:
Interference with fluoride with calcium
signaling in the brain may interfere with

neuronal function and communication.

2.5.2. Findings from Human Studies
Human epidemiological studies have
provided evidence linking fluoride exposure
to adverse neurodevelopmental outcomes,
although findings are not always consistent:

Reduced 1Q in Children: In fact, there have
been several studies, particularly in high
Fluoride regions like China and India, which
found a link between drinking water
Fluoride favorably in kids. Mazzone, Reale
[22] for example, conducted a widely cited
meta analysis and found significant
difference on IQ test among those living in
high fluoride areas and low fluoride areas.

Neurodevelopmental Disorders: Research on
the effects of fluoride exposure is emerging
and raises concerns about the possible
association between fluoride exposure and
neurodevelopmental disorders — including
Autism Spectrum Disorder (ASD) [23].
Researchers in Canada recently conducted a
study of pregnant women and found that
elevated maternal urinary fluoride levels
during pregnancy were associated with
increased symptoms of ASD and other
neurodevelopmental delays in children [24].

Prenatal Exposure: In addition to this ability
to cross the placental barrier, fluoride
accumulates in fetal tissues including the
developing  brain.  Offspring undergo
cognitive  impairments and  altered



Research paper, Tan et al.

neurobehavioral outcomes with prenatal
fluoride exposure [25].

2.6. Experimental Evidence along with
Animal Studies

Strong experimental evidence of fluoride’s
neurotoxic potential is provided by animal
studies. Research in rodents has shown that
high fluoride exposure during gestation or
early life can:

Eliminate a hole from specific regions of the
brain, like the hippocampus (the area of the
brain responsible for memory and learning).
It impairs spatial memory and offspring
learning abilities.

Increase oxidative damage and inflammation
in tissues of the brain.

These results support earlier concerns over
fluoride’s capacity to harm normal brain
development, and they highlight the critical
period of brain development.

3. Cross-Cultural Observations

Fluoride amounts are different across the
globe, varying by mix of natural fluoride
and water fluoridation policies and diet.
Cross-cultural observations provide insights
into fluoride's impact on neurodevelopment:

High-Fluoride Regions (China and
India): However, epidemiological studies in
different natural high fluoride regions have
shown that fluoride exposure can adversely
impact cognitive functioning. Research from
Inner Mongolia, China, shows for example
that drinking water with high fluoride
concentrations may link to lower 1Q scores
and delays in children's development [26].
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Fluoridated Water Systems (United

States and Canada): Fluoride is present in
multiple sources in addition to the water
fluoridation, including toothpaste, processed
foods and beverages, and concerns have
been raised in controlled water fluoridation
countries about over exposure. Fluoride in
fluoridated water systems may cause
neurodevelopmental delays during
pregnancy, according to Canadian studies
[27].
Non-Fluoridated Regions (Europe): Yet,
Germany and the Netherlands have rejected
water fluoridation in favor of other tactics at
improving oral health. By serving as a
comparative
neurodevelopmental risks of  fluoride
exposure in populations with limited
fluoride intake, these regions can help
document  neurodevelopmental  deficits
resulting from fluoride exposure.

baseline to the

Yet, given growing evidence of fluoride's
potential for neurodevelopmental risks, the
literature base is presently insufficient [28,
29]. Second, most of the prior work has been
work with a single population, both in high
fluoride areas or countries with fluoridation
water, with little cross cultural comparisons.
This focus is too narrow to enable us to
evaluate how fluoride effects are widespread
or to determine how cultural, genetic and
environmental determinants affect its
influence on neurodevelopment. However,
regions in China, including Xinjiang and
Inner Mongolia, are well known for having
naturally high fluoride concentrations in
groundwater; resulting in  widespread
exposure and elevated rates of dental and
skeletal fluorosis [30]. But research into the
neurological effects of fluoride in those
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areas is sparse, and a vast chasm remains in
what we know about prolonged exposure to
fluoride and neurodevelopmental outcomes
such as Autism Spectrum Disorder (ASD).
Pakistan too has challenges because fluoride
contamination is quite high in the drinking
water in Punjab and Sindh provinces. In the
rural populations of these regions, where
there is sometimes a lack of ready access to
such health care or nutritional deficiencies,
these risks compound to render the
populations  particularly  vulnerable to
fluoride overexposure. However, studies on
the neurological consequences of such
exposure in Pakistan are limited and require
greater scrutiny in high risk settings [31, 32].

Furthermore, discrepancies arise in the way
fluoride exposure is recorded ( e.g., reliance
on water fluoride levels but failing to
consider overall fluoride exposure through
diet and environmental sources)
undermining the comparability of studies.
For example, dietary habits and water
sources across regions differ greatly in
China and  Pakistan  making the
standardization of fluoride  exposure
assessments difficult in both places. As with
other assessments of neurodevelopmental
outcomes, there are also variations in how
outcomes are measured — for example,
variations in diagnostic criteria for ASD
make it difficult to interpret findings. In
China, studies use different ASD diagnostic
frameworks specific to regions and in
Pakistan, lack both specialised healthcare
facilities ~and  awareness  regarding
neurodevelopmental disorders, and this
renders identification and diagnosis of ASD
cases difficult [33]. Also, the mechanisms by
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which fluoride may affect
neurodevelopmentive biology are not well
studied, leaving areas of fundamental gaps
about how fluoride can interact with other
components of risk, genes and maternal
health, during early developmental stages.
Furthermore, the cross sectional design of
most studies does not allow for the
identification of the long term effects of
prenatal and early life fluoride exposure on
neurodevelopmental trajectories.

The purpose of this study obtains by
evaluating the cross cultural universality of
fluoride's potential neurodevelopmental
impact, with a concentrated emphasis on its
relation to ASD. The study attempts to
synthesize findings from areas of different
geographies and culture, from high risk
regions such as China and Pakistan, to
discover patterns of fluoride exposure and
its neurodevelopmental effects within
populations with different levels of fluoride
exposure, [34] dietary habits and health
infrastructures [35]. For instance, the
intersection of the adverse consequences of
F exposure in rural Sindh and Punjab, where
healthcare  access 1s limited, with
environmental and socioeconomic factors
can inform us on how these factors interact
to increase the risks of FP
neurodevelopmental risks. Likewise, data
from high fluoro regions in China can
advance understanding of biological and
environmental ~mechanisms that may
contribute  to fluoride’s  link  to
neurodevelopmental disorders [36, 37].

This study is relevant because it combines a
cross cultural approach to the study of
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fluoride exposure which allows for a broader
perspective of potential neurodevelopmental
implications. In contrast to previous studies
that tend to examine individual populations
or regions, this research combines data from
different
contexts including China and Pakistan to
elucidate shared and locale particular
patterns [38]. The study also emphasizes the
requirements for the standardization of the
fluoride exposure assessment methodologies
and the outcomes of neurodevelopmental

cultural and environmental

outcomes to help develop this area of study
further in the future. The study fills gaps in
this discourse and contributes to a more
complete understanding of fluoride's place
in public health by balancing its role in
dental benefits and its potential for
neurodevelopmental risk, and extrapolating
it for the global health community that
includes  policymakers = and  health
professionals.

Methodology

A systematic review methodology is
employed in this study to synthesize and
evaluate current literature on fluoride
exposure and its possible effects on
neurodevelopment, especially the
relationship of fluoride exposure and Autism
Spectrum Disorder (ASD) [39]. Further
review was conducted with peer reviewed
studies published between 2000 and 2024
from major academic databases including,
PubMed, Web of Science, Scopus, and
Google Scholar. There was a development of
a comprehensive search strategy including
the use of the keywords such as “fluoride
exposure”, “neurodevelopment”, ‘“Autism
Spectrum  Disorder”,  “cross  cultural
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analysis”, “prenatal fluoride exposure” and
“cognitive impairment”.

Who Happens to Fit and Who Gets Left
Out?

Studies were included in the review if they
met the following criteria:

o [t looked at the effect of fluoride on
neurodevelopment.

o Cognitive and behavioral ASD
outcomes were analyzed.

o Fluoride exposure was explored
across  different  cultural  or
geographical contexts.

o With accessible full text articles
published in peer reviewed (but not
necessarily restricted) journals.

e Based on human populations with
prenatal,  early  childhood  or

environmental  fluoride exposure

data.

The following exclusion criteria were
applied:

Studies not
neurodevelopmental outcome.

Studies of insufficient or incomplete data
concerning the fluoride exposure.

Primary data based reviews, editorials, or
opinion pieces.

Only studies conducted in animals, unless

specifically on

they were in direct relation to human
neurodevelopment.
Search and Screening Process



Research paper, Tan et al.

To ensure transparency and reproducibility
the systematic review followed PRISMA
(Preferred Reporting Items for Systematic
Reviews and Meta Analyses) guidelines.
One hundred and seventy five databases
were searched; 1,250 articles found in total.
We then removed duplicates and kept 950
articles. An additional 700 articles were
screened from titles and abstracts to assess
relevance and excluded from inclusion. We
reviewed full texts of 250 articles and
excluded 150 based on criteria. For
qualitative synthesis, a final set of 100
studies was included.

Data Extraction and Analysis
Data were extracted systematically from the
included studies, focusing on:

Type of population under study (censored
cohort, censored case control, cross
sectional).

Such as age, geographical location and
fluoride levels.
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Methods of fluoride exposure assessment
(e.g., water concentration, urinary fluoride
level).

Measured neurodevelopmental outcomes
(i.e., IQ scores, ASD diagnosis, cognitive
impairment).

Cultural and  geographical  context,
limitation, and key findings.
Exposure determinants and their

neurodevelopmental consequences were
identified using thematic analysis, with
emphasis on destruction in fluoride exposure
and its neurodevelopmental consequences
across studies and from a cross-cultural
perspective.  Descriptive  summaries  of
quantitative data were produced,
highlighting trends and weaknesses in the
evidence. The PRISMA chart below (figure
4) illustrates the study selection process,
from initial identification through screening
and inclusion:
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PubMed (n = 378), CINAHL (n = 300), SCOPUS
(n = 280), ProQuest (n = 220), Medline (n = 45),
fand E-Thesis (n = 27)
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Figure 4: Prisma flowchart

4. Analysis

The results are analyzed thematically to
determine the key themes underpinning the
included studies. The analysis addresses the
deeper aspects of the impact of fluoride on
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neurodevelopment with emphasis on it’s
cross cultural impact, biological mechanism
and policy implications.
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4.1 Theme 1I:
Assessment

Fluoride exposure assessment was the most
frequently discussed theme in the reviewed
studies (45 studies). In almost all studies
fluoride levels in drinking water were
treated as the principal exposure metric;
however, few studies also included urinary
fluoride and dietary intake. Natural
groundwater contamination in parts of China
(Inner Mongolia), Pakistan (South Punjab
Provinces) and other high fluoride areas was

Fluoride  Exposure

reported study to provide higher exposure
with possible correlation with other co-
occurring risk factors [40]. Yet because
exposure measurement methods varied
across studies, accuracy and comparability
are compromised.

4.2 Theme 2: Neurodevelopmental
Outcomes (IQ measure)

IQ scores were examined in 30 studies.
Invariably, children with high exposure to
fluoride before or during early childhood
had lower IQ scores. Say, a meta analysis of
studies conducted in China found that
children from high fluoride area averaged
seven points lower on IQ tests than those
from low fluoride areas [41]. In rural areas
of Pakistan, this risk was compounded by an
inadequate healthcare infrastructure and
additional environmental factors, similar
trends were observed.

4.3 Theme 3: ASD Association

In 25 studies, fluoride exposure and Autism
Spectrum Disorder (ASD) were investigated.
Though not much evidence is available,
several studies showed a  possible
relationship between elevated prenatal

Page 12 of 20

Fluoride, Epub 2025 Feb 14: €320

fluoride levels and increased risk of ASD
related traits [42, 43]. For example, an ASD-
like symptom in the offspring was
associated with maternal urinary fluoride
level during pregnancy, as showed in a
Canadian example. Nevertheless, results
were discrepant, causing variations in
diagnostic criteria, genetic predispositions,
and study designs to be identified, resulting
in the need for such longitudinal and cross
cultural research.

4.4 Theme 4: Cross-Cultural Variations

20 studies underscored that there were cross
cultural variations in fluoride exposure and
its neurodevelopmental impact. Regions
with high fluoride were notably at high risk
of neurodevelopmental risks related to
natural groundwater fluoride, including
China and India. By contrast, the controlled
water fluoridation practiced in the United
States and Canada was associated with risks
of cumulative fluoride exposure from
multiple sources, including toothpaste and
processed foods [44]. Valuable baselines for
low fluoride exposure conditions were
represented in non-fluoridated parts of
Europe, especially Germany and the
Netherlands.

4.5 Theme 5: Biological Mechanisms

In 15 studies, exploring biological
mechanisms linking exposure to fluoride to
neurodevelopmental outcomes. In particular,
oxidative stress, neuroinflammation, and
disruption of thyroid hormone function are
proposed mechanisms [45]. Studies in
animals found fluoride treatment during
critical development was associated with
impairments in synaptic plasticity, increased
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oxidative damage, and changes in
hippocampal function that are critical to
learning and memory.

4.6 Theme 6: Policy Implications

About 10 studies explored the least explored
theme, policy implications. These studies
raised the concern that there might be too
high a cost to fluoride’s important dental

cumulative exposure to fluoride and take
steps to decrease risk, such as use of fluoride
varnishes.

Visual Analysis

4.7 Bar Chart: Frequency of Themes
Frequency of themes identified in the
systematic review are depicted in the bar
chart. The study focused on fluoride

Fluoride, Epub 2025 Feb 14: €320

health benefits, for a not so small price in
terms of fluoride’s potential to cause
neurodevelopmental problems. Mitigation
strategies including water defluoridation and
public education campaigns were
appropriately implemented in rural Pakistan,
China or other high fluoric areas [46]. At the
same time, countries operating fluoridated
water systems were encouraged to monitor
neurodevelopmental outcomes (IQ), ASD
association (by number of associated case
reports), reflecting the increased interest in
fluoride’s possible cognitive and behavioral
effects [47]. Further critical gaps are
highlighted in the existing literature, whilst
not as frequently studied were biological
mechanisms and policy implications. Figure
5 presented the detailed view of themes.

exposure  assessment,  followed by
Frequency of Themes Identified in the Systematic Review
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Figure 5: Frequency of themes identified in the review
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4.8 Trend Lines: Research Trends Over
Time

Temporal changes in the focus of fluoride
related research are shown with trend lines.
research into the possibility of ASD
association has also spiked, fueled by a
rising awareness of environmental risk
factors for developmental disorders [48].

Fluoride, Epub 2025 Feb 14: €320

Since 2005, awareness of environmental
fluoride contamination has led to an increase
in the number of fluoride exposure
assessment studies. In the last decade,
However, as the overall body of evidence
was limited, additional longitudinal and
cross cultural studies are needed. Figure 6
presented the research trends.

Research Trends Over Time

Fluoride Exposure Assessment
—a— ASD Association
40
_@ 20
-
o
v -
b P -
= 20 ~ e
o | A
=
10 A
T
- -
2005.0 2007.5 2010.0 2012.5 2131.5.0 2131.?.5 20200 20225
Year

Figure 6: Trends over the time of fluoride exposure

5. Discussion

5.1 Findings

The aim of this systematic review is to
synthesize and synthesize existing literature
on fluoride exposure and its putative
neurodevelopmental  implications,  with
special emphasis given to its association
with Autism Spectrum Disorder (ASD).
Several important insights are brought to
light by the findings.
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Second, fluoride exposure assessment
continues to be a focal area for research.
Despite the consistency in studies, we see
the wvariability of fluoride levels between
different  cultural and  geographical
contexts—ranging from high fluoride areas
such as rural areas of China and Pakistan, to
fluoridated water systems in the United
States and Canada [49]. This variability
emphasizes the need for standardized
exposure assessment methods to facilitate
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the reproducibility of studies from this type
of exposure.

Second, the review finds there are consistent
associations between elevated exposure to
fluoride and undesired neurodevelopmental
outcomes, including lower IQ scores in
children. This is consistent with previous
research undertaken in high fluoride terrain
such as Inner Mongolia in China or Sindh in
Pakistan where naturally contaminated
groundwater increases the risk of cognitive
deficit. Though fluoride has a well
established effect on IQ, there is much less
of an evidence base for its effect on ASD
[50]. A number of studies have linked
elevated prenatal fluoride levels with ASD-
associated traits, but despite several
suggestive  associations  the  different
methodologies for diagnosis and assessment
of exposure hinder the ability to reach a
definitive conclusion.

The biological mechanisms by which
fluoride causes neurodevelopmental effects
are poorly described. Oxidative stress,
neuroinflammation, and thyroid hormone
disruption, each of which is important for
normal brain development, are proposed
mechanisms [51]. These pathways have
strong evidence in experimental studies in
animals but scant human studies, so we do
not have a good understanding of how such
mechanisms  translate to real world
exposures.

Finally, the review notes major cross cultural
variability in fluoride exposure and risk
mitigation strategies. Compounded risks
exist in regions with high fluoride including

Page 15 of 20

Fluoride, Epub 2025 Feb 14: €320

China and Pakistan due to limited
infrastructure to provide healthcare and a
high degree of environmental exposure to
fluoride [52]. In contrast, developed country
fluoridated water systems weigh the dental
benefits of  fluoride  against any
overexposure risks posed by other sources of
fluoride in toothpaste and processed foods.
Informing these differences is the need for
tailored public health interventions tailored
to local needs and exposure.

5.2 Theoretical Implications

Taking a theoretical approach, this study
makes original contributions to the fast
growing body of literature on environmental
risk  factors of  neurodevelopmental
disorders.

First, fluoride, as an environmental
exposure, is expanded to include its role in
influencing neurodevelopment. Although
fluoride's therapeutically recognized dental
benefits are well known, this review reviews
its potential, still not fully established,
neurotoxic effects, notably at critical
development windows, i.e., pregnancy and
early childhood. The findings add to the
broader discussion of environmental
influences on cognitive and behavioral
outcomes.

The secondary point of the study is that
environmental health research will benefit
from the addition of cross cultural
perspectives. By synthesizing findings from
across regions, it brings together the various
issues relating to how fluoride exposure and
its health outcomes vary according to
culture, diet and policy. This approach
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brings a more nuanced view to the way
fluoride impacts the rest of the world, and
breaks away from the one approach fits all
perspective popular in public health.

Third, the review calls for integration of
epidemiological, experimental, and policy
driven  approaches in  the  study.
Epidemiological studies offer important
food for thought at the population level,
experimental research is necessary to
elucidate the underlying mechanisms, and
policy research sits between the science and
interventions that can be implemented.

5.3 Practical Implications

Some implications of the findings of this
review for public health policies and
practices are significant.

Public health authorities in high fluoro
regions, for example, the rural areas of
China and Pakistan, should focus first on
mitigation  strategies including  water
deffluoridation, public eduction campaigns,
and increasing access to health care.
Interventions that reduce hazards from
fluoride vulnerable
populations, e.g., pregnant women and

overexposure  in

young children can reduce the risks from
compounded overexposure.

Second, someone toward whom
policymakers of countries with fluoridated
water systems (such as the United States and
Canada) need to make some considerations
on cumulative fluoride exposure from
several sources (e.g., toothpastes, eating
foods, etc.). Interventions aimed at
decreasing the amount of fluoride used, such
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as fluoride varnishes or controlled fluoride
application, could reduce the balance of
dental benefits and neurodevelopmental
risks of fluoride use.

Finally, healthcare professionals should
include fluoride exposure assessments in
prenatal care especially in high risk area.
Pregnant women should be educated about
safe fluoride levels and other water sources
that will reduce their exposure to fluoride
during pregnancy as well as the effect it can
potentially have on fetal brain development.

Finally, it is important that global and
regional health organisations commit
investments in standardized methods for
determining  fluoride
neurodevelopmental outcomes. If successful
these efforts will improve the comparability
and reliability of research findings; research

exposure  and

findings will be more effective public health
interventions.

5. Limitations and Future Directions
Several limitations to this review must be
acknowledged.The included studies were for
the most part cross sectional, and thus were
not able to establish causal relationships
between fluoride exposure and
neurodevelopmental outcomes. But in order
to better understand these relationships,
longitudinal studies that track prenatal
exposures as well as early life exposures
over time are necessary.

In addition, variability in fluoride exposure
assessment methods exists throughout
studies such as water fluoride levels to
urinary fluoride concentrations making it
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difficult for the findings of which research to
compare with one another. The reliability of
results should be improved by future
research prioritizing standardized exposure
metrics.

Third, there’s no strong evidence that
fluoride causes ASD, which exists because
of methodological differences, small sample
sizes, and lack of longitudinal data. Future
research should expand to conduct large
scale, cross cultural studies extending the
role of fluoride toxicity and genotypic traits
vis a vis neurodevelopmental disorders.

Fourth, little is known about the biological
mechanisms by which fluoride has a
neurodevelopmental effect. Such
experimental studies of fluoride's interaction
with critical developmental pathways such
as oxidative stress, thyroid hormone
regulation and neuroinflammation should
help to inform more targeted interventions.

Finally, the review’s limitation of literature
review to peer reviewed might have omitted
valuable findings from non academic
sources such as government reports and
community based studies. Expanding future
reviews to include these sources may
complement our understanding of fluoride’s
effect.

6 Conclusion

The complex and multifaceted relationship
between fluoride
neurodevelopmental health, with special

exposure and
attention to possible association with Autism

Spectrum Disorder, is introduced in this
systematic review. Fluoride is essential to
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public health strategies designed to protect
teeth, and emerging evidence suggests that
excessive amounts may put at risk
neurodevelopment, especially during the
most critical stages of development.
Fluoride exposure and risk mitigation
strategies use cross culture variations to
emphasize the need for tailored public health
interventions to achieve the best possible
balance between benefits and risk.

Future work should focus on supplying gaps
in the current literature with longitudinal
studies, standardized methodologies and
cross cultural comparisons. Such integration
of epidemiological, experimental, and policy
driven approaches will not only help inform
evidence based public health policies, but
also provide more definitive insights about
fluoride’s neurodevelopmental implications.
In the end, this equilibrium approach will
ensure that the risks of fluoride are
minimized and the benefits are maximized:
for instance, pregnant women and children.

Fluoride’s potential impact on
neurodevelopment, particularly in relation to
Autism Spectrum Disorder, remains a topic
of scientific and public interest. While
current evidence is inconclusive, emerging
trends highlight the need for further
research, particularly in cross-cultural
contexts. By addressing methodological
inconsistencies and exploring underlying
mechanisms, future studies can provide a
clearer  understanding  of  fluoride’s
neurodevelopmental implications.
Policymakers and public health
professionals must consider these findings to
ensure that fluoride’s dental benefits are
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balanced against potential risks to
neurodevelopmental health.
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