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Air pollution is a global health concern, and among its various components, fine
particulate matter (PM2.5) poses one of the most serious risks to human well-being. While
its effects on the respiratory and cardiovascular systems are well-established, emerging
research reveals its significant impact on the central nervous system. This paper reviews
current knowledge on the neurotoxic effects of PM2.5, focusing on how these particles enter
the brain and interfere with neurological function. Drawing on evidence from human
population studies, animal models, and cellular experiments, this paper explore how PM2.5
contributes to neuroinflammation, oxidative stress, and neurotransmitter disruption, leading
to conditions such as cognitive impairment, depression, AexploresDHD, and dementia. We
also examine recent advances in research techniques and policy implications. Particular
attention is given to vulnerable populations such as children and the elderly, who are
disproportionately affected by PM2.5 exposure. Additionally, we discuss the role of PM2.5
chemical composition in determining its neurotoxicity, highlighting the importance of
source-specific interventions. The findings emphasise the urgent need to address air
pollution not only as an environmental issue, but as a public health priority with serious
neurological consequences.
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Air pollution, particularly exposure to fine particulate matter (PM2.5), has emerged as one of the
most pressing environmental health challenges of the modern era. PM2.5 refers to airborne particles
with aerodynamic diameters less than 2.5 micrometres—small enough to bypass the body's natural
defense systems, penetrate deep into the lungs, and even enter the bloodstream [1,2]. These particles
are primarily released by vehicle emissions, industrial combustion, fossil fuel burning, and biomass
smoke. Traditionally, public health concerns around PM2.5 have focused on respiratory diseases,
cardiovascular complications, and premature mortality. However, in the past decade, a growing body
of scientific literature has shifted attention to the central nervous system, particularly the brain.
Emerging evidence suggests that PM2.5 can cross the blood-brain barrier (BBB) and induce
harmful effects on brain cells and neural circuits. This ability raises serious concerns, as the human
brain is particularly vulnerable to external insults due to its high lipid content, high oxygen
consumption, and limited capacity for regeneration [3,4]. The small size and complex chemical
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composition of PM2.5—including heavy metals, polycyclic aromatic hydrocarbons (PAHs), and
biological residues—enhance its potential to interfere with brain function. Once inside the central
nervous system, these particles can trigger oxidative stress, inflammatory responses, and
neurotransmitter dysregulation, which are all linked to neurological conditions such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), anxiety, and depression [5,6].

The effects of PM2.5 are not limited to the aging brain. Infants, children, and even fetuses may
experience altered brain development due to early-life exposure to polluted air. Epidemiological
studies in urban environments have shown associations between high PM2.5 levels and increased
risk of cognitive delays, attention-deficit/hyperactivity disorder (ADHD), and lower 1Q scores in
school-aged children [7]. These findings raise urgent ethical and policy questions regarding air
quality standards, urban planning, and public health intervention.

This paper aims to synthesise existing scientific knowledge on the neurotoxicity of PM2.5,
focusing on four major aspects: (1) the current assumptions about how PM2.5 affects the brain; (2)
the research methodologies used to investigate these effects; (3) empirical findings from both animal
and human studies; and (4) recent developments and future research directions. By bringing together
diverse lines of evidence, we aim to highlight the neurological risks posed by PM2.5 and the
importance of addressing this issue in public health policy and environmental regulation.

2. Current scientific assumptions on PM2.5 neurotoxicity

Scientific understanding of how PM2.5 affects the human nervous system is based on several well-
established assumptions derived from both epidemiological evidence and experimental studies.
These assumptions guide research designs and shape policy discussions about the health
implications of air pollution.

2.1. PM2.5 can penetrate the brain

The first major assumption is that PM2.5 particles can cross the BBB and enter brain tissue. This
hypothesis has been supported by studies showing that inhaled ultrafine particles can translocate
from the nasal cavity via the olfactory nerve or through systemic circulation [1,3]. Once in the brain,
these particles may deposit in sensitive regions such as the hippocampus, striatum, and cortex—
areas critical for memory, movement, and decision-making [3].

2.2. Oxidative stress and inflammation are primary mechanisms

A second assumption is that oxidative stress and inflammation are the dominant pathways through
which PM2.5 causes neurological damage. The particles carry metals and organic chemicals that can
generate reactive oxygen species (ROS) within brain cells. ROS accumulation disrupts cellular
signalling and damages DNA, proteins, and membranes. Concurrently, PM2.5 exposure leads to the
release of pro-inflammatory cytokines, such as IL-6 and TNF-a, both locally in the brain and
systemically [4]. These inflammatory processes contribute to neurodegeneration, cognitive deficits,
and mood disorders.

2.3. Neurodevelopmental windows are highly vulnerable

A third widely accepted assumption is that early life—particularly fetal development and early
childhood—is a critical window of vulnerability to PM2.5 exposure. During this period, the brain
undergoes rapid growth, synaptogenesis, and myelination. Studies have shown that prenatal or early-
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life exposure to air pollution correlates with delayed language acquisition, lower 1Q, and higher
prevalence of ADHD-like behaviours [8]. These effects are believed to result from altered neural
circuitry formation and chronic neuroinflammation initiated by environmental insults.

2.4. Neurotransmitter disruption plays a central role

PM2.5 exposure is also assumed to impair neurotransmitter systems, particularly dopamine,
serotonin, and glutamate pathways. Dopamine dysfunction, for example, has been implicated in
anxiety, depression, and PD. Sang et al. demonstrated that certain phenyl-containing compounds
within PM2.5 interfere with dopamine receptor D1 (Drd1) signalling in mice, leading to depression-
like behaviours. This assumption suggests that pollution exposure may act as a risk factor for
psychiatric as well as neurodegenerative conditions.

2.5. Effects are cumulative and long-term

Finally, researchers assume that PM2.5 exposure has cumulative effects, with long-term exposure
leading to gradual and irreversible neurological damage. Chronic inhalation of polluted air is
associated with progressive cognitive decline and increased risk of dementia and AD [9]. Even
moderate exposure levels, when sustained over years, appear sufficient to initiate changes in brain
structure and function. Together, these assumptions form the foundation for ongoing scientific
investigations into PM2.5 neurotoxicity and underscore the need for preventive interventions
targeting both high-exposure environments and vulnerable populations.

3. Research methods used to study PM2.5’s neurotoxic effects

To investigate the neurotoxic effects of PM2.5, researchers employ a wide range of methodologies
from both population-level epidemiology and experimental neuroscience. These methods aim to
reveal how particulate matter affects the structure, function, and biochemistry of the human brain
and to identify the biological pathways responsible for observed damage.

3.1. Epidemiological approaches

Epidemiological studies form the foundation of our understanding of PM2.5’s neurological impacts
in humans. These studies use large datasets to analyse associations between pollution exposure and
neurological outcomes, such as dementia or cognitive decline. For instance, Kioumourtzoglou et al.
studied Medicare data from millions of elderly Americans and found a statistically significant
increase in hospital admissions for Alzheimer’s and PD in regions with higher PM2.5 levels.
Researchers also make use of long-term health databases like the UK Biobank, which contains both
cognitive assessments and MRI brain scans. Gale et al. used this resource to link PM2.5 exposure to
reduced hippocampal volume, a region essential for learning and memory. These studies typically
rely on satellite data, land-use regression models, or air monitoring stations to estimate pollution
exposure. Advanced models can estimate individual-level exposure based on home addresses,
improving the precision of health outcome associations.

3.2. Animal and cellular models

While epidemiological studies can identify correlations, animal and cell-based experiments are used
to establish causality and uncover mechanisms. Rodent models are commonly used because they
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allow researchers to control exposure conditions and perform invasive analysis. Kwon et al., for
example, exposed rats to urban PM2.5 and observed reduced neuronal cell viability and signs of
apoptosis (cell death) [10]. Histological examination revealed that these effects were especially
pronounced in the hippocampus and cortex. Similarly, cell culture experiments using human
neuronal cell lines provide insight into the molecular mechanisms of toxicity. Researchers often
measure markers of oxidative stress, inflammatory response, synaptic protein levels, and
mitochondrial function following PM2.5 exposure. These methods are valuable for screening
different PM2.5 components to determine which chemicals pose the greatest threat to neurons.

3.3. Bioinformatics and chemical profiling

An emerging approach combines chemical fractionation, bioinformatics, and gene expression
profiling. For instance, Sang et al. analysed coal-derived PM2.5 and isolated specific phenyl-
containing compounds. Using computational docking and mRNA sequencing, they identified
interactions with Drdl pathways and linked them to behavioral symptoms of depression in mice.
This technique is powerful because it narrows down which specific pollutants—among the
thousands present in PM2.5—are most neurotoxic.

3.4. Brain imaging and cognitive testing

Neuroimaging tools such as functional MRI (fMRI) and PET scans are increasingly used to observe
structural and functional changes in the brain. These methods can detect atrophy, reduced blood
flow, and neuronal connectivity changes in response to pollution. Combined with cognitive testing,
they provide a non-invasive way to quantify pollution-related brain changes in living humans.
Together, these diverse methodologies allow researchers to link population-level trends with
cellular-level mechanisms and to identify pathways through which PM2.5 disrupts brain health.

4. Neurological consequences of PM2.5

The body of scientific literature investigating the neurological effects of PM2.5 has grown
substantially over the last decade. Findings from human studies, animal experiments, and in vitro
research converge on the conclusion that exposure to PM2.5 significantly impairs brain function and
structure. This section presents key results from multiple lines of research, highlighting the
widespread consequences of long-term and early-life exposure to PM2.5.

4.1. Cognitive decline and structural brain changes

Numerous large-scale studies have reported that individuals exposed to high levels of PM2.5
experience faster cognitive decline and higher risks of dementia. In one prominent study,
Kioumourtzoglou et al. found that every 1 pg/m® increase in long-term PM2.5 exposure was
associated with a measurable rise in hospital admissions for AD among elderly residents of the
northeastern United States. These findings suggest that cumulative exposure plays a significant role
in neurodegenerative disease progression.

In parallel, structural imaging studies from the UK Biobank have shown that long-term PM2.5
exposure is associated with smaller hippocampal volumes and reduced white matter integrity,
particularly in older adults. These brain changes are consistent with impaired learning, memory, and
emotional regulation.
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4.2. Effects on mental health and behaviour

Beyond cognitive effects, PM2.5 exposure is also linked to mood and behavioural disorders. For
example, Jia et al. demonstrated in a mouse model that exposure to coal-derived PM2.5 led to
increased anxiety- and depression-like behaviours, such as decreased exploration and increased
immobility [11]. Behavioural assays such as the open-field test and marble-burying test confirmed
the emotional disturbances. These behavioural changes were matched by alterations in dopamine
signalling, suggesting that PM2.5 affects the brain’s reward and motivation circuits. Furthermore,
Sang et al. identified that specific phenyl-containing compounds in PM2.5 directly bind to Drdl,
leading to disrupted neurotransmitter signalling. This precise molecular link between PM2.5
composition and neurobehavioural outcomes underscores the importance of examining chemical
speciation when assessing pollutant toxicity.

4.3. Impacts on developing brains

Infants and children are particularly vulnerable to PM2.5. Studies have shown that prenatal and
early-life exposure can have long-term effects on neurodevelopment. Wang et al. found that children
exposed to higher PM2.5 concentrations during pregnancy were more likely to exhibit ADHD-like
behaviours. These associations were strongest in urban environments, where exposure levels were
higher and more consistent. Moreover, a study by Henn et al. highlighted that early exposure to
particulate matter is associated with delayed language development, reduced working memory, and
poor academic performance in school-aged children. These results suggest that PM2.5 exposure
during critical developmental windows can lead to lifelong impairments.

4.4. Cellular and molecular evidence

At the cellular level, researchers have observed multiple mechanisms through which PM2.5 causes
damage. Kwon et al. reported that exposure to urban PM2.5 triggered both autophagy and apoptosis
in neurons, contributing to substantial neuronal cell death. The study also identified a
downregulation of brain-derived neurotrophic factor (BDNF), a protein essential for neuronal
survival and synaptic plasticity. Another critical finding is the breakdown of the BBB due to PM2.5
exposure. Hedges et al. showed that long-term exposure in mice led to increased BBB permeability,
allowing harmful substances and immune cells to enter the brain [12]. This permeability was
accompanied by elevated levels of inflammatory cytokines such as TNF-o and IL-6, indicating
chronic neuroinflammation.

4.5. Regional and chemical specificity

Importantly, not all PM2.5 is equally toxic. Its harmfulness depends on the source and composition.
For instance, pollution dominated by coal combustion or vehicular emissions tends to contain more
neurotoxic substances, such as heavy metals (lead, manganese) and PAHs. These components have
been strongly associated with oxidative damage, DNA breaks, and abnormal synaptic function [3,4].
Taken together, these findings provide compelling evidence that PM2.5 negatively affects the
nervous system at multiple levels—from neurotransmitter signalling and gene expression to brain
structure and behaviour—especially in vulnerable populations like children and the elderly.
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5. Recent developments and future directions

Recent research on the neurotoxicity of PM2.5 has advanced significantly beyond establishing
simple associations. New developments in technology, analytical methods, and interdisciplinary
collaboration are helping scientists understand the precise mechanisms of action and identify which
particle components are most harmful to the brain. These advancements offer promising avenues for
targeted interventions, public health strategies, and policy improvements.

5.1. Advances in chemical and molecular profiling

One of the most important breakthroughs is the development of non-targeted chemical analysis and
bioinformatics-based screening to identify the specific toxicants within PM2.5. Instead of treating
PM2.5 as a uniform substance, scientists now isolate and test individual chemical species. For
instance, Sang et al. used molecular docking and transcriptomic analysis to show that certain
phenyl-containing compounds in coal-derived PM2.5 directly impair dopamine signalling by
binding to Drdl receptors. This pinpointed mechanism represents a shift from generalised
toxicology to precision environmental health, where particular compounds can be regulated based
on their biological effects.

5.2. New imaging and biomarker techniques

Brain imaging technologies such as fMRI, PET scans, and diffusion tensor imaging (DTI) are
increasingly used to detect subtle structural and functional changes in the brain linked to pollution
exposure. Hedges et al. demonstrated that long-term PM2.5 exposure was associated with
microstructural white matter changes, even in cognitively healthy adults. These techniques offer a
non-invasive method for identifying early biomarkers of pollution-related brain damage, which can
be used for screening and intervention.

Researchers are also using blood- and saliva-based biomarkers to detect elevated levels of
inflammatory cytokines, oxidative stress indicators, and neurodegeneration-related proteins. These
biomarkers could eventually be integrated into clinical settings to assess an individual's neurological
risk from pollution exposure.

5.3. Focus on neurodevelopment and vulnerable populations

There is growing concern about the impact of PM2.5 on the developing brain. Recent studies have
linked prenatal and early-life exposure to disorders such as autism spectrum disorder (ASD) and
ADHD. Research is now focusing on identifying critical exposure windows, such as the second
trimester of pregnancy, during which brain development is most susceptible to environmental toxins.
This research is especially important for informing guidelines on air quality around schools,
childcare centres, and residential areas.

Public health experts are also paying more attention to socioeconomically disadvantaged
communities, which often experience higher PM2.5 exposure due to industrial proximity and poor
infrastructure. This adds an important environmental justice dimension to pollution policy, as it
highlights the unequal burden of neurotoxic risk.
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6. Conclusion

The scientific evidence is now overwhelmingly clear: PM2.5 poses a serious threat to the human
nervous system. Once considered mainly a risk factor for respiratory and cardiovascular disease,
fine particulate matter has been revealed to exert significant effects on brain structure and function.
This paper has synthesised evidence from epidemiological studies, animal research, and molecular
biology to illustrate how PM2.5 contributes to a range of neurological outcomes, including cognitive
decline, depression, ADHD, and dementia.

Key assumptions underpinning this research include PM2.5’s ability to cross the BBB, induce
oxidative stress and inflammation, and disrupt neurotransmitter systems—oparticularly those
involving dopamine and serotonin. These mechanisms have been consistently observed across
species, age groups, and geographic regions. Furthermore, recent research has begun to identify the
specific chemical constituents of PM2.5 most responsible for neurotoxicity, moving the field toward
more targeted regulatory responses.

Of particular concern is the impact on children and vulnerable populations, whose brains are still
developing or already compromised. The effects of early-life exposure can be lifelong and
irreversible, and may contribute to rising rates of neurodevelopmental and behavioural disorders in
polluted urban environments. Looking forward, addressing this issue requires a multi-pronged
approach. Policymakers must update air quality standards to reflect neurological outcomes, while
public health initiatives should focus on exposure reduction in high-risk areas. Scientists must
continue refining exposure models and identifying biomarkers for early diagnosis and intervention.
At the same time, individuals can adopt preventive behaviours, such as using indoor air purifiers and
avoiding outdoor activity during pollution peaks.
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