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Abstract: The escalating issue of air pollution contributes to an alarming number of
premature fatalities each year, thereby posing a significant threat to global health. The
focus of recent research has shifted towards understanding its potential association with
neurodegenerative diseases, specifically Alzheimer’s disease (AD). AD is recognised for its
characteristic deposition of toxic proteins within the brain, leading to a steady deterioration
of cognitive capabilities, memory failure, and, ultimately, death. There is burgeoning
evidence implying that air pollution may be a contributing factor to this protein build up,
thereby intensifying the course of AD. It has been demonstrated that the olfactory system,
responsible for smell perception and processing, acts as a potential gateway for airborne
pollutants to inflict brain damage. This review aims to elucidate the relationship between
air pollution, olfactory deterioration, and AD. Additionally, this review aims to highlight
the potential mechanisms through which pollutants might instigate the development of
AD and the role of the olfactory system in disease pathogenesis. Moreover, the diverse
model systems employed in exploring the correlation, public health policy ramifications,
and prospective directions for future research will be discussed.

Keywords: olfactory system; air pollution; Alzheimer’s disease (AD); neuroinflammation;
environmental neurotoxicity; olfactory modelling systems; protein aggregation; public health

1. Introduction
Air pollution has become a pressing global health issue, contributing to an estimated

seven million premature deaths each year [1,2]. Beyond respiratory and cardiovascular
impacts, a growing body of research suggests that air pollution may also play a role in
the development of neurological diseases, including Alzheimer’s disease (AD) [3]. AD
is a progressive neurodegenerative disorder characterised by cognitive decline, memory
loss, and, ultimately, mortality [4]. Although the exact aetiology of AD remains elusive, the
accumulation of neurotoxic proteins, such as beta-amyloid and tau, is known to be central
to its pathogenesis [4]. Emerging evidence suggests that exposure to airborne pollutants
may exacerbate the accumulation of these proteins in the brain, potentially accelerating the
onset and progression of AD [5].
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One potential pathway for pollutant exposure to affect the brain is through the ol-
factory system, which processes sensory input related to smell. The olfactory system is
unique in that it provides a direct link between the external environment and the brain,
making it a vulnerable entry point for environmental toxins [6]. Fine particulate mat-
ter (PM), which is a major component of air pollution, can be inhaled through the nasal
passages and subsequently enter the brain through the olfactory mucosa. This process
bypasses the blood–brain barrier, a crucial defence mechanism that typically prevents
harmful substances in the bloodstream from reaching brain tissue. Once in the brain, these
pollutants can accumulate and induce damage, potentially triggering neuroinflammation
and oxidative stress [7]. This exposure pathway underscores the unique susceptibility of
the olfactory system to airborne pollutants and highlights a potential route by which air
pollution could contribute to AD development.

Research suggests that the olfactory system may be one of the earliest affected regions
in AD, with olfactory dysfunction often preceding more recognisable symptoms of cognitive
decline [8]. This observation aligns with the hypothesis that pollutants entering the brain
through the olfactory pathway could initiate or accelerate AD pathology. For example,
airborne PM and associated toxins may trigger inflammation within olfactory structures,
which could spread to connected brain areas, leading to the gradual accumulation of
beta-amyloid and tau proteins. This mechanism is supported by findings that individuals
exposed to high levels of air pollution, particularly in urban environments, exhibit greater
deposits of these toxic proteins in the brain compared to those in cleaner environments [3].
Consequently, olfactory dysfunction observed in AD patients may reflect early-stage neural
damage initiated by pollutant exposure.

Investigating the link between air pollution and AD requires appropriate model sys-
tems to simulate human exposure and disease processes accurately. Animal models, such
as rodents exposed to controlled levels of airborne pollutants, have proven useful for study-
ing the progression of neurodegenerative changes related to air pollution. Additionally,
in vitro models using human brain organoids allow researchers to explore the molecular
and cellular impacts of pollutants on neural tissue. Such models provide insight into how
pollutants might directly or indirectly influence the aggregation of beta-amyloid and tau
proteins, thereby advancing our understanding of pollution-induced neurotoxicity.

The potential link between air pollution, olfactory dysfunction, and AD emphasises the
need for further research to identify the underlying mechanisms and clarify the role of the
olfactory pathway in neurodegeneration. Future studies should aim to define how different
types of air pollutants affect the brain and explore preventative strategies, particularly
in high-risk urban areas. By improving our understanding of the complex relationship
between air pollution and AD, we can work toward developing interventions to mitigate
the neurotoxic effects of air pollution and potentially reduce the burden of AD and other
neurodegenerative diseases.

This review contributes to the field by consolidating research on the links between
air pollution, olfactory dysfunction, and AD, a critical yet underexplored area. The field
has made substantial progress in identifying air pollution as a significant environmental
risk factor for AD, with research highlighting mechanisms such as neuroinflammation,
oxidative stress, and BBB disruption. However, these findings remain fragmented, with
gaps in understanding the role of specific exposure pathways, such as the olfactory system,
and the relative contributions of various pollutants to AD pathogenesis. This review
addresses these gaps by integrating evidence from epidemiological studies, animal models,
and advanced in vitro systems, providing a comprehensive perspective on how airborne
pollutants might accelerate AD pathology. By focusing on the olfactory pathway as a key
entry point for neurotoxic pollutants and exploring the interplay between environmental
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and biological factors, this review offers a unique contribution to the literature. It not
only highlights the current state of knowledge but also identifies critical areas for future
research, such as the use of cutting-edge experimental models and longitudinal studies,
and advocates for public health interventions. Ultimately, this review aims to inform
both scientific inquiry and policy initiatives, paving the way for strategies to mitigate the
neurotoxic effects of air pollution and reduce the global burden of AD.

2. Overview of the Olfactory System
The olfactory system is responsible for our sense of smell and plays an essential role

in our ability to detect and recognise different odours. This system comprises several
anatomical structures, including the olfactory mucosa, the olfactory bulbs, and the olfactory
cortex [9] (Figure 1).
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Figure 1. Extracellular and intracellular entry routes via the olfactory mucosa for pollutants into the
brain. The figure illustrates how pollutants can enter the brain through extracellular and intracellular
routes via the olfactory mucosa. These pollutants, indicated by green arrows, become trapped in the
apical layer cilia and can enter the olfactory bulb through the axons of olfactory sensory neurons.
Once inside the bulb, the pollutants can move towards and accumulate in higher cognitive areas
that are commonly affected in AD. The various cell types of the olfactory bulb that are involved
in odour perception include the following: (i) granule cells, which adjust and fine-tune olfactory
signals within the olfactory bulb; (ii) mitral cells, the primary projection neurons responsible for
conveying processed odour signals to the olfactory cortex; (iii) juxtaglomerular cells, a collection
of interneurons that manage activities in glomeruli, assisting in odour differentiation and contrast
amplification; (iv) neural stem cells from the rostral migratory stream, which contribute to the
continuous replenishment of interneurons; and (v) astrocytes, which provide structural, metabolic,
and trophic support to neurons and help maintain the extracellular environment within the olfactory
system. Abbreviations: SVZ (subventricular zone).
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This highly specialised system allows mammals, including humans, to recognise and
process a vast range of odours, with the capability to detect hundreds of thousands of
distinct smells being highly conserved across species [10].

At the forefront of the olfactory system is the olfactory mucosa, a specialised tissue
located at the top of the nasal cavity. It contains olfactory receptor neurons (ORNs), which
detect odorant molecules and transduce them into electrical signals. These neurons are
supported by sustentacular cells, which assist in structural support and neuron regenera-
tion [11]. The electrical signals generated by ORNs are transmitted via their axons to the
olfactory bulb, a critical structure within the central nervous system (CNS) responsible
for initial odour processing. Within the olfactory bulb, sensory signals are processed and
systematically organised by glomeruli, which are spatially arranged to facilitate the differ-
entiation and decoding of distinct odours [12]. The glomeruli are populated by various cell
types, including mitral cells (primary projection neurons), granule cells (responsible for
fine-tuning signals), and juxtaglomerular cells (interneurons involved in odour contrast
amplification and differentiation) [11].

Once processed in the olfactory bulb, the information is transmitted to the olfactory
cortex and other higher brain regions, including the hippocampus and amygdala, where it
is integrated with memory and emotions, allowing for odour recognition and behavioural
responses [13]. Recent research has highlighted the advanced capabilities of the olfactory
system, such as detecting rapid concentration fluctuations in odour plumes, enabling
complex tasks like odour source separation and localisation [14]. Additionally, individual
odours can interact in mixtures, either enhancing or suppressing responses to others,
demonstrating the system’s sophisticated neural processing capabilities [15].

The olfactory system’s direct exposure to the external environment makes it uniquely
vulnerable to pollutants. These pollutants can infiltrate the olfactory mucosa, inducing
inflammation and oxidative stress, which damages the mucosa and decreases olfactory
function. Studies have shown that exposure to air pollution is linked to a reduced ability
to detect odours in older adults [16]. Similarly, animal models demonstrate that diesel
exhaust particles cause inflammation and damage to the olfactory epithelium, further
emphasising the detrimental impact of pollution on this sensory system [17]. Once pollu-
tants breach the olfactory mucosa, they can reach the olfactory bulb via intracellular and
extracellular pathways, bypassing the BBB. This exposure may lead to the accumulation of
neurotoxic substances in higher brain regions, such as the hippocampus, that are critical
in neurodegenerative diseases such as AD. As such, the olfactory system’s role as both a
sensory gateway and a conduit for environmental neurotoxins underscores its importance
in studying the progression of diseases like AD [18,19].

3. The Composition of Air Pollution
Air pollution is a complex and dynamic mixture of PM, gases, and biological com-

ponents that significantly affect human health and the environment. It originates from
diverse sources, including transportation, industrial activities, agricultural processes, resi-
dential heating, and natural phenomena such as wildfires, volcanic eruptions, and dust
storms [20,21]. These sources contribute to primary pollutants, directly emitted into the
atmosphere, and secondary pollutants, which are formed through atmospheric chemical
reactions [22].

PM, a key component of air pollution, is categorised by size. Coarse particles (PM10)
deposit primarily in the upper airways, while fine particles (PM2.5) and ultrafine particles
(<0.1 µm) can penetrate deep into the lungs and enter systemic circulation. PM contains
various toxic constituents, including heavy metals such as lead, cadmium, and vanadium;
organic pollutants like polycyclic aromatic hydrocarbons; and inorganic substances like
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nitrates and sulphates [20,23]. Combustion-derived PM, such as diesel exhaust particles, is
particularly harmful due to its high oxidative potential, driven by adsorbed metals and
organic compounds [20]. Gaseous pollutants, including nitrogen oxides, sulphur dioxide,
ozone, and carbon monoxide, are also significant contributors to air pollution and can
exacerbate respiratory and cardiovascular diseases [24]. These gases frequently interact
with PM to create secondary pollutants such as ammonium nitrates and sulphates [22]
(Figure 2). In addition, biological materials, such as pollen, spores, and endotoxins, further
aggravate allergic and inflammatory responses in sensitive individuals [20].
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Figure 2. Composition of particulate and gaseous air pollutants. (A) PM10 (Coarse Particles,
2.5–10 µm): These particles are about 1/5 to 1/20 the diameter of a human hair. Coarse parti-
cles are typically inhalable and deposit in the upper airways but are large enough to be visible
under a microscope. Common sources include road dust and natural sources like pollen and dust
storms. PM2.5 (Fine Particles, <2.5 µm): These particles can penetrate deeper into the lungs and
enter systemic circulation. They are primarily generated from combustion processes, such as vehicle
exhaust, industrial emissions, and wildfires. Ultrafine Particles (UFP, <0.1 µm). These small particles
can cross the blood–brain barrier, and enter cells, making them particularly concerning for their health
impacts. UFPs are often a by-product of combustion engines and industrial processes. (B) Primary
air pollutants are directly emitted into the atmosphere from sources such as combustion engines,
industrial activities, and natural processes. These include nitrogen dioxide (NO2), carbon monoxide
(CO), volatile organic compounds (VOCs), and polycyclic aromatic hydrocarbons (PAHs). PAHs
are primarily released during the incomplete combustion of organic materials, such as fossil fuels,
wood, and biomass. Secondary air pollutants are formed through atmospheric reactions involving
primary pollutants and environmental factors such as sunlight and humidity. Key examples include
ground-level ozone (O3), which forms through photochemical reactions between VOCs and NOx

under sunlight, and nitric acid (HNO3), produced from the oxidation of nitrogen oxides (NOx) in the
presence of water vapour. Additional secondary pollutants include particulate matter components
such as ammonium nitrates and sulphates, derived from gaseous precursors.

PM interacts with biological systems in complex ways. Coarse particles are deposited
in the upper airways, while fine and ultrafine particles penetrate deeper into the alveoli
and can translocate to organs such as the heart, liver, and brain through the bloodstream or
via the olfactory bulb using trans-synaptic mechanisms [20]. The fine and ultrafine particles
are particularly concerning due to their high surface-area-to-mass ratio, which facilitates
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the adsorption of toxic chemicals and enhances their reactivity [25]. Upon inhalation,
PM generates reactive oxygen species (ROS), leading to oxidative stress that depletes
antioxidants, damages cellular components such as DNA, and activates inflammatory
pathways, including MAP kinases and NF-κB [26,27]. These processes are implicated in
chronic diseases such as asthma, chronic obstructive pulmonary disease, cardiovascular
conditions, and neurodegenerative disorders including AD [23,26].

The composition and health impacts of air pollution vary regionally. Urban areas often
experience higher concentrations of combustion-related pollutants like black carbon and
nitrogen oxides, primarily from vehicle emissions and industrial activities [22]. Conversely,
rural regions may face higher exposure to pollutants from agricultural activities, such as
ammonia emissions, and natural sources like dust, wild fires and biomass burning [20].
Vulnerable populations, including children, the elderly, and individuals with pre-existing
health conditions, are disproportionately affected by air pollution. Socioeconomic dispari-
ties further exacerbate these risks, as low-income communities are often located in highly
polluted areas and have limited access to healthcare [28,29].

The systemic effects of PM extend beyond the respiratory system. Once in circulation,
PM components can induce cardiovascular dysfunction through endothelial damage, in-
creased coagulation, and plaque formation [30]. Indeed, ultrafine particles can cross the
BBB, contributing to neuroinflammation and cognitive decline, particularly in populations
exposed to high levels of urban air pollution [23,26]. Efforts to mitigate air pollution ex-
posure must include reducing emissions from transportation, industrial processes, and
residential heating. Improved urban planning, adoption of cleaner technologies, and
stringent environmental regulations are critical to reducing the health burden of air pol-
lution. Public health initiatives should also prioritise vulnerable populations to address
health inequities and ensure equitable health outcomes [20,22,31]. Table 1 summarises the
composition of air pollution and its overall impact on health.

Table 1. Summary of air pollution composition and health impacts.

Component Sources Key Constituents Health Impacts References

Particulate Matter
Combustion, industrial
processes, natural
phenomena

Heavy metals, PAHs,
nitrates, sulphates

Respiratory diseases
(asthma, COPD), systemic
effects (cardiovascular
dysfunction).
Neurological disorders
(neuroinflammation,
increase
neurodegenerative
hallmarks)

[20,23,32,33]

Gaseous Pollutants Vehicles, industry,
chemical reactions NO2, SO2, O3, CO

Respiratory irritation,
secondary pollutant
formation

[22]

Biological Materials Agriculture, natural
sources

Pollens, spores,
endotoxins

Exacerbation of allergies,
inflammatory responses [20]

Fine/Ultrafine Particulate
matter

Combustion, urban
pollution

Adsorbed metals and
organic compounds

Penetration into
bloodstream, systemic
inflammation, organ
damage

[20,26]

Regional Variability

Urban: vehicle emissions,
industry; Rural:
agriculture, natural
sources

Combustion-related
pollutants, ammonia

Heightened vulnerability
among children, elderly,
and low-income
communities

[22,28]

4. Alzheimer’s Disease and Air Pollution
An increasing body of evidence suggests that air pollution exposure may play a role in

the development and progression of neurodegenerative diseases, such as AD, Parkinson’s
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disease and amyotrophic lateral sclerosis [3,5,34]. Alzheimer’s, in particular, has been
extensively studied concerning air pollution. Numerous epidemiological studies have
reported a link between air pollution exposure and cognitive decline, dementia, and
specifically AD [35]. For example, a large prospective cohort study in the United States
found that long-term exposure to PM2.5 correlated with accelerated cognitive decline and
increased AD risk [36]. Another study in Sweden discovered that traffic-related air pollution
exposure was associated with a heightened risk of both AD and vascular dementia [37].

The mechanisms linking air pollution to AD are multifaceted and complex. As men-
tioned earlier, air pollution is increasingly recognised as a key factor in the development
of AD and other neurodegenerative conditions, contributing to these disorders through
mechanisms such as neuroinflammation, oxidative stress, and disruption of the BBB [5,38].
Exposure to airborne pollutants, particularly PM2.5, initiates the release of pro-inflammatory
cytokines and chemokines, which activate microglia and astrocytes within the brain [39].
Chronic activation of these glial cells leads to sustained inflammation and the production
of ROS, driving oxidative stress and neuronal damage [40]. This persistent oxidative envi-
ronment accelerates the aggregation of Aβ plaques and the hyperphosphorylation of tau
proteins, which are hallmark features of AD pathology [41]. Below, Table 2 highlights the
mechanistic insights into the relationship between air pollution and AD.

Table 2. Mechanistic insights into air pollution and Alzheimer’s disease.

Mechanism Description References

Neuroinflammation

Chronic PM2.5 exposure activates microglia and astrocytes,
leading to the sustained release of pro-inflammatory
cytokines such as IL-1β, TNF-α, and IL-6. This prolonged
inflammatory state contributes to neuronal injury and
synaptic dysfunction.

[27,39,40]

Oxidative Stress

Airborne pollutants generate excessive ROS, depleting
antioxidants and causing damage to lipids, proteins, and
DNA in the brain. This oxidative stress promotes Aβ

aggregation and tau hyperphosphorylation, key
pathological features of AD.

[7,40,42]

Blood–Brain Barrier Disruption

PM2.5 and ultrafine particles weaken BBB integrity, allowing
toxic substances and inflammatory mediators to enter the
CNS. This breach enhances Aβ plaque accumulation and
neuronal apoptosis, worsening AD pathology.

[5,7,42]

Epigenetic Modifications
Air pollution may induce DNA methylation changes and
histone modifications, leading to transcriptional shifts that
heighten susceptibility to AD.

[34,42]

Furthermore, air pollution has been shown to compromise the integrity of the BBB.
The weakening of the BBB allows neurotoxic substances and inflammatory mediators to
infiltrate the CNS, exacerbating neuronal inflammation and promoting the accumulation of
toxic proteins such as Aβ and tau. These processes contribute to the progressive neurode-
generation observed in AD [7]. Importantly, PM2.5 can bypass the BBB entirely by entering
through the olfactory mucosa, directly exposing the CNS to harmful pollutants [5,43]
(Figure 3). Studies have shown that these particles are phagocytosed by mucosal cells in the
nasal epithelium and transported to the olfactory bulb and deeper brain regions, creating a
direct pathway for pollutants to exacerbate neurodegenerative processes [19].
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Figure 3. Mechanisms of air-pollution-induced neurodegeneration. This schematic representation
highlights the key processes through which air pollution contributes to neurodegenerative diseases
such as AD. Exposure to air pollution triggers the production of pro-inflammatory cytokines and
chemokines, activating microglia and astrocytes. Chronic activation of microglia and astrocytes
generates reactive oxygen species (ROS), leading to neuronal cell damage. Moreover, air pollution
can compromise the integrity of the blood–brain barrier (BBB), causing infiltration of immune cells,
toxic protein accumulation and inflammation in the brain.

The role of the olfactory system in facilitating pollutant entry into the brain aligns with
the Braak hypothesis, which suggests that certain pathogens or toxic proteins may infiltrate
the brain through the nasal cavity and trigger a cascade of neurodegenerative events. In AD,
Aβ proteins may act as scaffolding forming aggregates that spread in a prion-like fashion
along neural pathways, particularly those linked to the olfactory system. This propagation
of pathology to key brain regions is thought to play a central role in disease progression [44].
Experimental models have provided additional evidence supporting this hypothesis [44].
Indeed, transgenic AD mouse models exposed to air pollution demonstrate increased
Aβ deposition, tau phosphorylation, and gliosis in regions such as the hippocampus and
olfactory bulb [3,34,45].

Epidemiological and experimental data suggest that different components of air
pollution may have distinct neurotoxic effects. For instance, black carbon, a marker of traffic-
related pollution, is strongly associated with neuroinflammation and oxidative damage,
while secondary pollutants such as nitrogen dioxide and ozone contribute to systemic
inflammation and cardiovascular risks that indirectly affect the brain [46]. A meta-analysis
revealed that regions with high levels of PM2.5 exposure exhibited significantly increased
rates of AD incidence compared to less polluted areas, with odds ratios as high as 2.20 in
heavily polluted regions [46].

Additionally, air pollution has been implicated in epigenetic modifications that may
predispose individuals to AD. For example, exposure to airborne pollutants can alter DNA
methylation and histone acetylation patterns, promoting transcriptional changes associated
with neurodegeneration [34]. These epigenetic alterations may be particularly impactful
during critical developmental periods, raising concerns about the lifelong effects of early
exposure to air pollution on brain health [42]. Vulnerable populations, including children,
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the elderly, and individuals with pre-existing health conditions, are disproportionately
affected [29]. Limited access to healthcare and environmental mitigation strategies amplifies
the burden of pollution-induced neurodegeneration in low-income communities [29,37].

As global urbanisation and industrialisation continue to rise, the public health implica-
tions of air pollution’s role in AD are becoming increasingly urgent. Regulatory measures
to reduce emissions of PM2.5, NO2, and other harmful pollutants are critical for mitigating
these effects [2,37,47]. Additionally, future research should focus on identifying thera-
peutic interventions to counteract pollution-induced neurotoxicity, such as antioxidant
treatments or anti-inflammatory strategies that target key pathways implicated in AD
progression [38,40].

Olfactory Dysfunction as an Early Marker of Alzheimer’s Disease

Olfactory dysfunction has been suggested as a potential early indicator of AD due to its
connection with the regions of the brain affected by the disease, such as the entorhinal cortex
and hippocampus, which are crucial for memory and are among the first to deteriorate
in AD [48–50]. In keeping with this, olfactory dysfunction has also been associated with
the progression from mild cognitive impairment to AD [49,51]. Indeed air pollution
may contribute to both olfactory dysfunction and AD. Numerous investigations have
identified a relationship between air pollution exposure and cognitive decline [52,53].
These studies emphasise the detrimental effects of PM2.5 and nitrogen oxide exposure
on cognitive functions such as verbal and mathematical abilities. Additional research is
required to pinpoint the specific pathways through which air pollution influences cognitive
functions and develop targeted interventions to reduce the risk of cognitive decline and
neurodegenerative diseases in susceptible populations [31].

Air pollution has also been shown to cause inflammation and oxidative stress, which
leads to neuronal damage and cognitive decline [3,5]. Neuroinflammation and oxidative
stress are key mechanisms in this process [54,55]. Exposure to air pollutants activates mi-
croglia and astrocytes, leading to the release of pro-inflammatory cytokines, such as tumour
necrosis factor-alpha (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6). Chronic
activation of these immune cells exacerbates neuronal damage [25,56,57]. Furthermore, pol-
lutants like PM2.5 promote the generation of ROS, which overwhelm antioxidant defences,
causing lipid peroxidation, DNA damage, and protein misfolding [58,59]. These oxidative
modifications impair neuronal function and increase the risk of Aβ and tau protein ag-
gregation, hallmark features of AD [57,60], which have been detected in children with no
known risk factors for AD [32]. Additionally, pollutants compromise the BBB, allowing
peripheral immune cells and neurotoxic substances to infiltrate the brain, perpetuating
inflammation and oxidative stress [19,54,61].

Higher levels of air pollution have also been associated with an increased risk of
olfactory dysfunction [37,47,62–64]. A study conducted in Mexico City, a location known for
high levels of air pollution, found that children exposed to higher pollution levels had lower
olfactory function than those in less polluted areas [65]. These results emphasise the need
to understand the impact of air pollution on olfactory function and its broader implications
for cognitive health and neurodegenerative diseases. Olfactory dysfunction may serve
as a valuable marker for early detection of AD, with air pollution exposure potentially
contributing to this dysfunction. Future research should investigate the mechanisms
connecting air pollution to olfactory dysfunction and explore potential interventions to
counteract the effects of air pollution on cognitive function.
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5. Current Model Systems Used to Elucidate the Links Between Air
Pollution, Olfactory Dysfunction, and Alzheimer’s Disease
5.1. Animal Models of Air Pollution Exposure and Alzheimer’s Disease

An expanding body of literature has begun to investigate the effects of air pollution on
AD pathology by employing animal models. The olfactory system has emerged as a focus
for researchers because it may serve as an entry point for air pollution, causing the onset of
AD. Experiments on mice exposed to air pollution particles revealed increased beta-amyloid
plaque accumulation, neuroinflammation, and oxidative stress in both the olfactory bulb
and cortex [3,40]. Moreover, mice exposed to diesel exhaust particles showed increased
concentrations of beta-amyloid and tau protein in the hippocampus, a critical region for
memory and learning processes, as well as in the olfactory bulb [66]. In line with this,
another study showed that mice exposed to concentrated ambient particles had increased
beta-amyloid plaque accumulation in both the hippocampus and the olfactory bulb [67]. In
addition, a recent report showed that mice exposed to nanoparticle-rich diesel exhaust par-
ticles increased oxidative stress and neuroinflammation in the olfactory bulb and increased
beta-amyloid plaque accumulation in both the olfactory bulb and the hippocampus [18].
These findings suggest that exposure to air pollution, specifically ultrafine particulate
matter and diesel exhaust particles, cause debilitating effects on the olfactory system and
hippocampal regions of the brain, which could exacerbate AD pathology. However, while
animal models have been highly beneficial in elucidating the effect of air pollution in AD,
the findings may not be entirely applicable to humans, as there are significant differences
in brain structure and function between species. Hence, future research should incorporate
advanced in vitro techniques, such as human brain organoids or induced pluripotent stem
cell (iPSC)-derived neurons, along with epidemiological studies and controlled human
exposure trials to better understand the direct impact of air pollution on AD pathology and
to develop effective strategies for mitigating these effects.

5.2. Human Studies of Air Pollution Exposure and Olfactory Function and Alzheimer’s Disease

Researchers have studied the effects of air pollution exposure on olfactory function in
individuals from various regions worldwide. The study conducted in the polluted environ-
ment of Mexico City showed that children with higher exposure to PM2.5 had a significantly
worse sense of smell than those with lower exposure levels [65]. A similar study conducted
in Taiwan found that exposure to high levels of PM2.5 was associated with a decline in
olfactory function in elderly individuals [38]. In addition to these observational studies,
a few intervention studies have also been conducted to assess the impact of air pollution
reduction on olfactory function. For example, a study conducted in Beijing found that after
implementing an air pollution control policy, participants’ olfactory function improved
significantly [68]. Another study conducted in London found that reduced traffic-related
air pollution was associated with improved olfactory function in children [69]. Several
mechanisms have been proposed to explain the relationship between air pollution expo-
sure and olfactory dysfunction. One proposed mechanism is that air pollution can cause
inflammation and oxidative stress in the olfactory epithelium, damaging olfactory receptor
neurons and ultimately impairing olfactory function [7]. Another proposed mechanism
is that air pollution can lead to changes in the brain, including neuroinflammation and
the accumulation of beta-amyloid plaques, characteristic of AD [5]. These changes in the
brain may ultimately lead to olfactory dysfunction and contribute to the development of
AD. Indeed, there is growing evidence that olfactory dysfunction may be an early indicator
of AD. Studies have found that individuals with AD and those at risk for AD, such as
those with mild cognitive impairment, have impaired olfactory function [48,70]. Moreover,
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studies have suggested that olfactory dysfunction may precede other cognitive symptoms
of AD over several years, making it a potential biomarker for early disease detection [48,70].

5.3. In Vitro Models of Air Pollution Exposure and Alzheimer’s Disease

The importance of in vitro models for studying the effects of air pollution on the
olfactory system and AD cannot be understated, particularly in light of ethical concerns
and the limitations of extrapolating animal study results to humans (Figure 4). Addition-
ally, the substantial disparities in brain structure and function across species present a
challenge in translating biomarkers discovered through animal research to human studies.
Various in vitro cell models have been developed for this purpose, which offer a more
physiologically relevant environment to study the impact of air pollution on olfactory tissue
(Figure 4). Primary cultures derived from human olfactory mucosal cells also provide a rel-
evant model, although challenges such as limited tissue accessibility and donor variability
exist [71–74]. Induced pluripotent stem cells (iPSCs) present a promising alternative for
creating olfactory sensory neurons and other olfactory cell types, enabling researchers to
study individual-specific responses to air pollution and identify genetic factors affecting
susceptibility [75,76]. Additionally, co-culture models with multiple cell types and iPSC-
derived brain organoids can help clarify the intricate interactions between various cell
types in response to air pollution exposure [77].
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Figure 4. Comparative in vitro and in vivo models for studying air pollution impacts on the olfactory
system. This figure illustrates various in vitro (left) and in vivo (right) approaches to model the
effects of air pollution on olfactory tissues. In vitro models, derived from induced pluripotent stem
cells (iPSCs), include 2D and 3D cultures such as brain and lung organoids, neurons, astrocytes,
and olfactory stem cells, providing controlled environments to study specific cellular responses. As
such, lung organoids provide a valuable platform for studying the impact of air-pollution-induced
systemic inflammation and oxidative stress, mechanisms that can propagate through the circulatory
system and olfactory pathways to the brain, contributing to neuroinflammation and the pathogenesis
of AD. The CULTEX® Radial Flow System (RFS) is highlighted for its air–liquid interface, which
mimics physiological conditions by allowing direct pollutant exposure to cultured cells. In vivo
models comprise controlled exposure studies in animals and natural exposure assessments in human
populations, including direct sampling from individuals’ nasal tissues. Together, these models
support a comprehensive understanding of air pollution’s effects on the olfactory system and its
potential contributions to neurodegenerative disease development.
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A limitation of the previously mentioned model systems is that submerged cultures
used for in vitro exposure of cultivated cells to airborne pollutants do not accurately
mimic the in vivo environment [78]. This discrepancy is because pollutant deposition in
submerged cultures relies on accumulation and Brownian diffusion, which differs from
deposition in lung tissues [79]. To overcome this issue, researchers developed the CULTEX®

Radial Flow System, which simulates the in vivo environment by cultivating cells at the air–
liquid interface and facilitating direct cell–pollutant contact without media interference [80].
This system provides uniform exposure across the entire cell layer and employs suitable
cell models for the target tissue type. After cultivation, cells can be exposed to atmospheric
pollutants under dynamic or static conditions. Dynamic exposure necessitates a more
sophisticated setup, including continuous and homogenous test atmosphere production,
reproducible pollutant dispersion via electrostatic precipitation, and constant atmosphere
removal [80].

Table 3 provides a summary of the model systems used to investigate the links between
air pollution, olfactory dysfunction, and AD.

Table 3. Summary of model systems for investigating links between air pollution, olfactory dysfunc-
tion, and Alzheimer’s disease.

Model System Details Advantages Disadvantages References

Animal Models

- Mice exposed to air
pollution showed
increased Aβ plaque
accumulation,
neuroinflammation, and
oxidative stress in the
olfactory bulb and
hippocampus.

- Established link
between air pollution
and AD-like pathology.

- Limited translatability
to humans due to
differences in brain
structure and function.

[3,40,67]

- Diesel exhaust particles
increased Aβ and tau
protein levels in the
hippocampus and
olfactory bulb.

- Controlled environment
allows for systematic
study of specific
pollutants.

- Ethical concerns related
to animal use in
research.

[18,66]

- Ultrafine particulate
matter exacerbated AD
pathology.

Human Studies

- High PM2.5 exposure
correlated with reduced
olfactory function in
children and elderly
populations.

- Directly relevant to
understanding human
health impacts.

- Observational studies
prone to confounding
factors and variability.

[7,38,65]

- Air pollution reduction
policies improved
olfactory function in
regions like Beijing and
London.

- Provides real-world
evidence for the link
between air pollution
and olfactory
dysfunction.

- Longitudinal studies are
resource-intensive and
may lack precise
exposure
measurements.

[68,69]

- Mechanisms include
inflammation and
oxidative stress in the
olfactory epithelium and
accumulation of Aβ
plaques.

[5]
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Table 3. Cont.

Model System Details Advantages Disadvantages References

In Vitro Models

- iPSC-derived neurons and
brain organoids allow for
species-relevant studies of
air pollution impacts.

- Highly controllable and
physiologically relevant.

- Submerged cultures
may not accurately
mimic in vivo pollutant
exposure.

[75–77,81,82]

- CULTEX® Radial Flow
System enables direct
pollutant exposure to cells,
mimicking in vivo
conditions.

- Reduces reliance on
animal models,
addressing ethical
concerns.

- Requires specialised
equipment and
expertise.

[80]

- Primary human olfactory
mucosal cell cultures offer
physiological relevance
despite challenges like
tissue accessibility.

- Provides insights into
individual susceptibility
to pollutants.

- Donor variability and
limited tissue
availability.

[71–74]

6. Implications for Public Health
Current studies examining the relationship between air pollution and AD have crucial

implications for public health policies. Evidence suggests that exposure to air pollution,
particularly PM2.5, correlates with an elevated risk of AD and other neurodegenerative
diseases [36,76]. Epidemiological and animal studies have consistently demonstrated a
connection between air pollution and AD risk. For instance, long-term exposure to PM2.5

has been shown to raise the likelihood of AD and cognitive decline [36]. Additionally,
urban air pollution is particularly linked to a higher risk of AD in genetically predisposed
individuals, such as those carrying the APOE-ε4 allele [36]. Given these associations,
reducing air pollution could significantly lower the risk of AD. Public health policies
should emphasise minimising air pollutant exposure through urban planning measures,
such as limiting traffic-related pollution, stricter air quality regulations, and encouraging
alternative transportation modes [3]. Furthermore, public health efforts should focus on
vulnerable populations, including the elderly and those with genetic predispositions, by
offering targeted interventions and communicating risks effectively [30].

Recent research adds to this understanding, indicating that long-term exposure to
ambient fine PM2.5 and nitrogen dioxide significantly raises dementia and AD risks [34].
Moreover, research has shown how such exposures particularly affect urban areas where
pollutant levels exceed recommended thresholds [34]. Additionally, a meta-analysis em-
phasised this risk further, showing a twofold increase in AD incidence in heavily polluted
regions compared to lightly polluted areas [46]. As stated earlier mechanistic studies reveal
that PM2.5 and ultrafine particles disrupt the BBB, induce neuroinflammation, and pro-
mote Aβ aggregation, all of which exacerbate AD pathology [58,60]. Also, animal models,
demonstrated that chronic PM2.5 exposure increases Aβ deposition and glial activation,
highlighting how these processes contribute to disease progression [45].

Public health measures must prioritise reducing air pollutant exposure through stricter
emission standards, promotion of green infrastructure, and education on protective mea-
sures. Studies have, emphasised the significance of addressing woodsmoke and wildfire
exposure, which are major contributors to PM2.5 levels in certain regions [83]. Awareness
campaigns could inform high-risk populations, such as urban residents and APOE-ε4 carri-
ers, about air pollution risks and protective measures [36]. Future research should explore
long-term public health interventions, the interaction between genetic predispositions and
environmental exposures, and the effectiveness of policy measures in reducing the burden
of air-pollution-induced AD [3,34,36]. Addressing these aspects could lead to significant
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public health improvements and mitigate the global burden of neurodegenerative diseases
such as AD.

7. Future Perspectives
Future research should prioritise understanding the intricate connections between

air pollution and AD, addressing gaps in mechanistic understanding and public health
responses. Longitudinal studies are essential to monitor air pollution exposure and cogni-
tive outcomes over extended periods. These studies should include diverse populations,
focusing on urban residents exposed to high levels of PM2.5 and individuals with genetic
predispositions such as APOE-ε4 carriers. Such cohorts can provide valuable data on how
chronic exposure accelerates AD pathogenesis and identify vulnerable populations needing
targeted interventions [34,36].

Mechanistic research must delve deeper into how air pollutants interact with the
brain’s immune cells, such as microglia and astrocytes, to drive neuroinflammation and ox-
idative stress [25,40,56]. This process facilitates Aβ aggregation, tau hyperphosphorylation,
and neuronal apoptosis, which are hallmarks of AD pathology [5,40].

The development of advanced experimental models will play a pivotal role in eluci-
dating these processes. Current models, while informative, lack the physiological relevance
needed to replicate human responses to pollutants. Integrated in vitro systems, such as
brain organoids and co-culture models of olfactory epithelial cells and neurons, can pro-
vide deeper insights (Table 3). Incorporating technologies like the CULTEX® Radial Flow
System allows researchers to simulate air–liquid interface exposure, mimicking real-world
conditions more accurately [42,80]. Epidemiological and experimental studies should also
explore the role of the olfactory pathway as a primary entry point for airborne pollutants.
The olfactory bulb’s unique vulnerability and its connectivity to higher-order brain regions
make it a focal point for understanding early neurodegenerative changes. Studies should
investigate how pollutants traverse the olfactory mucosa, bypass the BBB, and propagate
pathology through prion-like mechanisms involving Aβ and tau proteins [5,34].

Emerging evidence suggests that the nasal microbiome could play a secondary but
important role in mediating the effects of air pollution on the brain [84]. Pollutant-induced
dysbiosis in the nasal cavity may exacerbate local inflammation and compromise the mu-
cosal barrier, indirectly influencing olfactory dysfunction and neuroinflammation [18,54,84].
Research on the nasal microbiome’s composition and its changes due to chronic pollution
exposure could reveal secondary pathways linking environmental factors to AD [19,42,84].
Therapeutic interventions represent a promising area of innovation. Antioxidants, anti-
inflammatory agents, and therapies aimed at restoring BBB integrity could mitigate the
neurotoxic effects of air pollution. Additionally, microbiome-modulating therapies such as
probiotics and prebiotics may help restore microbial balance in the nasal cavity, offering a
complementary approach to reducing neuroinflammatory cascades [41,83]. Lastly, public
health measures must address the root causes of exposure by implementing stricter air qual-
ity regulations and urban planning strategies [29]. Reducing vehicular emissions, increasing
green spaces, and promoting cleaner energy sources are critical for lowering exposure to
harmful pollutants [37,42,47]. Public awareness campaigns can educate communities about
the cognitive risks associated with air pollution and encourage protective measures such as
using air purifiers and minimising outdoor activities during high-pollution periods [37,46].
By integrating these research directions, future efforts can deepen our understanding of the
links between air pollution and AD, paving the way for effective therapeutic and policy
interventions to mitigate the impact of environmental neurotoxins on cognitive health.
Below, Table 4 outlines key future directions in air pollution and AD research highlighting
critical areas for advancing understanding and intervention strategies.
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Table 4. Key future directions in air pollution and Alzheimer’s disease research.

Focus Area Details References

Longitudinal Studies Track air pollution exposure and cognitive decline over
time, focusing on urban and genetically at-risk populations. [34,36]

Mechanistic Insights
Explore pollutant interactions with microglia, astrocytes,
and the BBB to identify molecular targets for mitigating
neuroinflammation and oxidative stress.

[5,40,42]

Experimental Models
Use advanced in vitro systems like brain organoids and the
CULTEX® Radial Flow System to replicate real-world
exposure and cellular responses.

[42,80]

Olfactory Pathway Research
Investigate how pollutants traverse the olfactory mucosa,
bypass the BBB, and propagate pathology via prion-like
mechanisms.

[5,19,34]

Nasal Microbiome
Examine how dysbiosis influences olfactory dysfunction
and neuroinflammation and evaluate microbiome-based
therapeutic strategies.

[19,42,83]

Therapeutic Development
Develop interventions such as antioxidants,
anti-inflammatory agents, and BBB-strengthening
treatments to counteract pollution-induced neurotoxicity.

[40,41,83]

Public Health Policies
Implement stringent air quality regulations, urban planning
to reduce emissions, and public awareness campaigns
highlighting the cognitive risks of air pollution.

[5,37,46]

8. Conclusions
This review has provided valuable insights into the complex relationship between air

pollution exposure, olfactory impairment, and AD. We have examined the mechanisms
through which airborne pollutants may influence the onset and progression of AD, with a
particular emphasis on the role of the olfactory system as a critical entry point for neurotoxic
particles. The olfactory pathway’s unique vulnerability to environmental toxins highlights
its potential role in early neurodegenerative changes that precede symptomatic cognitive
decline. Furthermore, we reviewed the use of animal and in vitro models to investigate
these associations, which have provided essential data on how pollutants contribute to
neuroinflammation, oxidative stress, and the accumulation of toxic proteins such as beta-
amyloid and tau in the brain. However, the exact molecular mechanisms by which pollutant
particles damage the BBB and induce AD neuropathology remain unclear.

Our exploration underscores that the interplay between environmental and biological
factors in AD pathogenesis is a vital area for further study. Understanding how pollutants
interact with brain structures could help uncover key mechanisms that initiate or accelerate
AD pathology, especially in populations exposed to high levels of air pollution. Moreover,
this knowledge has significant implications for public health policies aimed at reducing
the prevalence and progression of AD. By highlighting the impact of air quality on brain
health, policymakers could advocate for stricter air quality standards and urban planning
initiatives that reduce exposure to harmful pollutants. This approach could be particularly
beneficial in densely populated urban areas, where pollution levels are highest, and the
risks to cognitive health are most pronounced.

The findings in this review also suggest avenues for innovative preventative strategies.
For instance, developing therapeutic interventions that protect or repair the olfactory
system might mitigate the early neurotoxic effects of pollution. Additionally, as our
understanding of the link between pollution and neurodegeneration grows, there is a
strong case for public awareness campaigns that educate individuals about the cognitive
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risks associated with long-term pollution exposure, encouraging personal and community-
level actions to minimize exposure where possible.

Future research should prioritise longitudinal studies that track air pollution exposure
and cognitive outcomes over time, as well as studies that explore the molecular processes
that govern how pollutants cross the olfactory mucosa and accumulate in the brain. Ad-
vancing the sophistication of experimental models, such as human brain organoids or more
refined animal models, could provide even deeper insights into the pathological progres-
sion linked to pollution. Ultimately, by advancing research in this area, we can inform
public health interventions that not only address AD prevention but also enhance overall
cognitive well-being, aiming toward a future where environmental health is recognised as
integral to neuroprotective strategies.
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