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SUMMARY

Neurodegenerative disorders (NDs) are highly prevalent conditions with genetic and environmental causes. 

Recently, air pollution has emerged as an important contributor to NDs, causing oxidative stress and 

neuronal damage in the brain. Identifying early molecular alterations mediating the effects of air pollution 

on ND pathogenesis would be crucial for implementing personalized medicine approaches, especially for 

the monitoring of specific categories of highly exposed workers. Epigenetic modifications might be suitable 

candidates in that sense, since they are highly responsive to environmental stressors, they modulate the 

expression of multiple ND-related genes, and offer technical advantages as they can be studies in peripheral 

tissues and are relatively stable in biological samples after collection.

In this review, we summarize the current knowledge regarding the association between air pollution inhala

tion, epigenetics, and NDs. This work will particularly emphasize research gaps, aiming to provide directions 

for future research with applications in occupational and preventive medicine.

INTRODUCTION

Neurodegenerative disorders (NDs) include a series of chronic 

pathological conditions characterized by the loss of specific 

groups of neurons in the central nervous system (CNS) or in 

the peripheral nervous system (PNS), resulting in major impair

ments in memory and cognitive performances, mental health, 

and physical capacities. The most prevalent NDs are dementia, 

with 55 million cases worldwide, of which approximatively 

60%–70% being diagnosed with Alzheimer’s disease (AD),1

and movement disorders, with around 8.5 million individuals 

affected by Parkinson’s disease (PD).2 The burden of NDs 

has risen steeply over the past two decades and is projected 

to grow further in the next years, mainly due to the progressive 

aging of the global population3; however, 20%–30% of PD and 

40%–55% of dementia cases have been estimated to be attrib

utable to modifiable risk factors,4,5 thus highlighting the impor

tance of implementing primary prevention strategies. Prevent

able risk factors for NDs include lifestyle-related exposures 

(such as diet, smoking, and physical activity), socioeconomic 

factors (such as education and income), and environmental ex

posures (such as pesticide exposure and inhalation of airborne 

pollutants).6,7

Air pollution is a highly diverse mixture of airborne solid, liquid, 

and gaseous molecules, which can derive from natural sources 

(wildfires, volcanic ash, and airborne sea salt) or from anthropic 

activities (traffic, industrial processes, agricultural activities, and 

domestic fuel burning). In general, solid and liquid components 

of air pollution are collectively referred to as particulate matter 

(PM), which can be classified into three main groups depending 

on its aerodynamic diameter: coarse PM (or PM10-2.5, i.e., parti

cles ranging from 2.5 μm to 10 μm), fine PM (or PM2.5, i.e., parti

cles smaller than 2.5 μm), and ultrafine particles (UFPM or PM0.1, 

i.e., particles smaller than 0.1 μm).8 These particles include inor

ganic and organic non-viable molecules, such as heavy metals 

and black carbon, but also pollen, spores, viruses, and bacteria.8

Besides PM, air pollution also comprises inorganic gaseous mol

ecules (such as carbon, sulfur and nitrogen oxides, and ozone) 

and volatile organic compounds (VOCs, such as benzene, 

toluene, and formaldehyde).9,10

Air pollution is nowadays considered a major threat to human 

health, ranking second as the most detrimental risk factor in 

terms of death burden and disability-adjusted life years 

(DALYs).11,12 Indeed, more than 90% of the global population 

is exposed to concentrations or airborne pollutants exceeding 

safety thresholds.13 Although chronic exposure to air pollution 

has been mainly associated to cardiovascular and respiratory 

conditions, it is becoming increasingly evident that it may also 

damage seemingly less exposed organs, including the brain. In 

particular, certain categories of workers might be particularly 
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at risk of developing adverse brain health outcomes, as many of 

the 188 airborne compounds that have been classified as haz

ardous by the U.S. Environmental Protection Agency14 are en

riched in specific occupational settings15,16 and are neurotoxic 

(Table 1).

In this review, we recapitulate the current knowledge 

regarding the role of air pollution-induced epigenetic changes 

in ND pathogenesis. Specifically, we focus on DNA methylation, 

non-coding RNA (ncRNA), and histone modifications, being the 

most studied epigenetic marks. This study will hopefully provide 

an updated epigenetic perspective on the effect of air pollution 

on NDs, which might be helpful to highlight the current gaps in 

the literature and direct future studies concerning occupational 

risks of NDs due to inhalable substances.

EFFECTS OF AIR POLLUTION ON THE BRAIN: DIRECT 

AND INDIRECT PATHWAYS

Over the past decades, growing epidemiological evidence has 

suggested a link between air pollution exposure and common 

NDs, such as AD and PD.22,23 Air pollution can affect brain phys

iology via two different routes, subsequently referred to as 

‘‘direct pathway’’ and ‘‘indirect pathway’’ (Figure 1).

The direct pathway is mediated by UFPM and some gaseous 

pollutants, which can first handedly alter brain physiology via two 

different mechanisms. On one hand, once inhaled, UFPM can 

enter the bloodstream and reach the blood-brain barrier (BBB), 

potentially compromising its integrity and the capacity to protect 

the brain from noxious compounds; on the other hand, it might 

travel by retrograde transportation along the olfactory nerve 

and reach the olfactory bulb, causing inflammation and neuronal 

damage.24 Similarly, some gaseous pollutants are likely to exert 

a direct action on the brain, due to the capacity of their deriva

tives to penetrating the BBB. When entering biological fluids, 

small gases can undergo spontaneous reactions; therefore, their 

effect on the brain is rather exerted by their derivatives: for 

instance, NO2 is converted into NO, a pleiotropic signaling mole

cule which regulates cerebral blood flow and BBB selective 

permeability.25,26 In the case of VOCs, their lipophilicity would 

allow them to accumulate in the brain, where they might foster 

oxidative stress.27 However, experimental evidence supporting 

a direct action of PM0.1 and gaseous molecules on the brain re

mains limited and controversial. Instead, it has been demon

strated that some inhaled heavy metals (such as uranium and 

manganese) and nanoplastics can cross the BBB and accrue 

within cerebral tissue, with neurotoxic effects.28–30

Conversely, other gaseous irritants and heavy metals (such as 

O3 and aluminum) rather exert their effect via the so-called indi

rect pathway,31 which is the only route of action for larger parti

cles (such as PM2.5 and PM10). The indirect pathway consists in 

the release of signaling molecules by the airways or by directly 

exposed sites; these molecular messengers can enter the circu

latory system and reach the BBB, modulating its selective 

permeability and perturbing brain homeostasis.24 Signaling mol

ecules do not only include hormones and pro-inflammatory me

diators such as cytokines and chemokines, but also more com

plex entities like extracellular vesicles (EVs), which carry a 

variegated cargo of regulatory molecules, such as nucleic acids, 

lipids, and metabolites from the cell of origin. Recent studies 

suggest that inhaled toxicants can also affect the gut-brain, ol

factory-brain, and lung-brain axis, by modulating the composi

tion of the residential microbial flora.32,33 For instance, increased 

gut permeability would result in the release of metabolites 

(including bacterial toxins and oxidized heavy metals) that can 

trigger inflammatory responses, disrupt the BBB and alter brain 

functions.34

A selection of exemplificative studies regarding the mode of 

action of the principal air pollutants on the brain is summarized 

in Table 2. However, it cannot be excluded that such toxicants 

might affect the brain via other mechanisms or routes. Indeed, 

experimental evidence unraveling the exact mechanisms under

lying the effect of air pollutants on the brain remains scarce. In 

addition, for pollutants with dual action, it is particularly difficult 

to discriminate whether neuroinflammation and brain damage 

occur as a collateral effect of systemic inflammation (jointly 

with the disruption of the BBB, which would otherwise prevent 

the passage of pro-inflammatory mediators to the CNS), or 

due to a direct and specific action of air pollutants; in the latter 

case, air pollution-induced damage would mostly be confined 

to the brain.

In this context, disentangling molecular alterations caused by 

air pollution exposure might be useful for the identification of bio

markers of early drift from homeostasis, which might eventually 

lead to overt neuropathology.

Table 1. Occupational inhalation exposures and ND-related outcomes

Air pollutant Exposed workers Brain health outcome References

Heavy metals (such as manganese 

and lead)

Miners, metalworkers, waste recycling 

workers, construction workers

↑risk of PD and manganism 

(PD-like condition)

Caudle17

Nanoplastics Production and processing workers of 

plastics, office/teleworkers and custodial 

staff, workers using respiratory protection 

equipment, workers using 3D printers

↑systemic inflammation 

(potentially involving the 

brain)

Murashov et al.18

VOCs (such as toluene, benzene 

and formaldehyde)

Workers employed in chemical, 

pharmaceutical, automotive, wood, paint, 

hairdressing, coatings and food industries

↑risk of AD and PD Pathak and Sriram19

Traffic-related air pollutants (TRAP) 

(such as NO2, O3 and black carbon)

Commuters, professional drivers, 

gas station attendants and motor 

mechanics

↑risk of AD and PD Fu et al.20; You et al.21
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AIR POLLUTION AND NEURODEGENERATION: THE 

EPIGENETIC CONNECTION

Epigenetic modifications comprise all those mitotically stable, 

potentially reversible changes in gene expression that occur 

without altering the DNA sequence. The most common epige

netic modifications include DNA methylation, ncRNAs, and 

histone post-translational modifications,46,47 which are briefly 

described in Box 1.

Epigenetic mechanisms play a pivotal role in a plethora of bio

logical processes in the brain, ranging from neuronal and glial cell 

differentiation, to the modulation of synaptic plasticity, neuro

transmission and neuroinflammation.48 Of note, the epigenetic 

landscape of the brain changes throughout the lifetime; indeed, 

epigenetic marks are highly dynamic and undergo continuous 

modifications in response to internal signals and to the external 

environment.49 While de novo DNA methyltransferases, such as 

DNMT3A and DNMT3B, are primarily expressed during embry

onic development to establish DNA methylation patterns, neurons 

uniquely retain expression of these DNA methyltransferases 

(DNMTs) beyond developmental stages. In mature neurons, 

DNMT3A and DNMT3B play critical roles in synaptic plasticity 

and memory maintenance, enabling epigenetic adaptations in 

response to environmental stimuli and contributing to the dynamic 

regulation of neural function throughout adulthood.50

To date, multiple lifestyle factors (including diet,51 physical ac

tivity,52 smoking,53 and alcohol consumption54) and environ

mental exposures (such as ambient chemicals and air pollution) 

have been associated with epigenetic changes in the CNS. 

Considering that the brain is mainly populated by cells that are 

terminally differentiated and are subjected to little or no self- 

renewal, the high plasticity of epigenetic modifications is intrinsi

cally beneficial, as it sustains adaptation to the changing envi

ronment; however, chronic exposure to stressors and toxins 

might progressively lead to a shift toward deranged homeostasis 

and global deregulation of gene expression, fostering neuro

pathological outcomes.55

Indeed, NDs are characterized by a general reshaping of the 

epigenome, both in the nervous system and in peripheral tissues, 

which also involves many genes which are well-established to 

participate in their etiopathology. In patients with AD, the hippo

campus has been found to be globally hypomethylated; instead, 

the cerebral cortex seems to predominantly feature gene-spe

cific alterations. Here, the accumulation of amyloid-β (Aβ) pla

ques due to aberrant processing of the amyloid precursor pro

tein (APP) might be enhanced by lower methylation levels in 

the APP promoter region, leading to increased gene expres

sion.56 Besides, epigenetics regulation is also implied in the for

mation of neurofibrillary tangles (containing hyper-phosphory

lated tau protein), as AD brains are characterized by HDAC6 

Figure 1. Effect of air pollution on the brain via the direct and indirect pathways
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increments, which promote histone deacetylation and increased 

expression of the MAPT gene encoding the tau protein.57 Simi

larly, BDNF, a key gene implied in neuronal survival and growth, 

has been found to be epigenetically downregulated in many 

NDs.58 In addition, a plethora of ncRNAs have been reported 

to be differentially regulated in NDs, fostering ND-related hall

marks; for instance, miRNA and lncRNA alterations were shown 

to promote overexpression of the SNCA gene and consequently 

aggregation of α-synuclein in PD.59 Importantly, epigenetic dys

regulation of many ND-related genes might occur years before 

the insurgence of disease symptoms, and has been observed 

also in psychiatric conditions, such as depression and 

autism,60,61 which have been associated with hypersusceptibil

ity to sporadic NDs.

In the following paragraphs, we will provide a comprehensive 

summary of the state-of-the-art knowledge regarding the asso

ciation between exposure to airborne toxicants, epigenetic 

modifications, and ND-related processes. Among inhalation ex

posures, we focused on urban PM and traffic-related air pollut

ants (such as NO2 and diesel exhaust particles), as well as on vol

atile compounds highly enriched in the manufacturing and 

metalworking environments (including VOCs and airborne sol

vents, graphene, phthalates, nanoplastics, and heavy metals). 

Exposures related to personal choices, i.e., tobacco smoking 

and vaping, were excluded. Studies dealing with inhalable 

toxicants causing neurodevelopmental disorders were also 

excluded, unless they might have implications in late-life ND 

risk. Evidence from in vitro research was included only if contex

tualized within population-based or in vivo studies dealing with 

inhalation exposures or intranasal/intratracheal instillation, thus 

providing mechanistic insights into the biological effect of 

inhaled pollutants on CNS cell homeostasis.

Airborne toxicants, non-coding RNAs, and 

neurodegeneration

Multiple in vivo studies have shown that urban or ‘‘real world’’ PM 

exposure can modulate ncRNA networks in the CNS, with poten

tial effects on cognitive performances and ND risk. In this regard, 

outdoor PM2.5 has been associated with impaired learning mem

ory in rats, as well as with differential expression of 100 circR

NAs, 67 lncRNAs, and 28 miRNAs in exposed animals (if 

compared to controls breathing filtered air).62 Another study re

ported that exposure to PM2.5 for eight weeks aggravated AD- 

related spatial memory deficits and caused multiple brain alter

ations, including increased levels of pro-inflammatory cytokines, 

acetylcholinesterase, and Aβ-42, in mice; of note, these changes 

were paralleled by altered expression of seven miRNAs which 

were predicted to target several genes implied in AD pathogen

esis.63 Similarly, repeated administration of PM2.5 for four weeks 

caused neuroinflammation and impairment in synaptic function, 

as well as altered spatial learning and memory, in treated mice. 

This effect might be mediated by the hippocampal downregula

tion of miR-574-5p, which targets BACE1 (which codes for an 

enzyme implied in the generation of the Aβ peptide); indeed, 

overexpression of miR-574-5p attenuated PM2.5-induced AD- 

related symptoms.64 Notably, ncRNA-mediated neurotoxicity 

of ‘‘real world’’ PM can have transgenerational effects, as the 

offspring of exposed female mice had impaired memory func

tions, paralleled by increased microglia proliferation and cere

bellar levels of 8-hydroxyguanosine (a marker of oxidative dam

age) within miRNAs.65

Of note, the noxious effect of PM2.5 might be potentiated by 

other molecules that are associated with engine combustion 

and in general with traffic-related air pollution (TRAP). Low- 

dose, combined exposure to PM2.5 and sulfur dioxide (SO2) for 

four weeks was reported to increase tau and phosphorylated 

tau protein levels in both mice cerebral cortex and cultured pri

mary cortical neurons; such neurodegenerative outcomes might 

be mediated by reduced levels of miR-337-5p, which targets the 

Mapt gene encoding the tau protein.66 In addition, ozone (O3) 

can modulate synaptic plasticity by affecting the expression of 

miR-221-3p in the hippocampus and serum of exposed rats.67

The effect of TRAP on ncRNAs and ND was also investigated 

by two population-based studies. Colicino and colleagues 

showed that SNPs within three miRNA-processing genes modify 

the association of black carbon exposure (a proxy for TRAP) with 

cognitive functions in a population of 533 elderly men, possibly 

due to an effect on miRNA expression.68 Another study 

Box 1. Types of epigenetic modifications

DNA methylation is the covalent attachment of a methyl group (-CH3) to the carbon 5 position of nitrogen bases of the DNA. In humans, this process 

mainly occurs at cytosines (5-methyl-cytosines or 5mCs) followed by guanine nucleosides, i.e., CpG dinucleotides, which are particularly abundant 

in gene promoters; in general, promoter hypermethylation results in gene silencing, by steric hindrance or recruitment of transcriptional inhibitors. 

DNA methylation is catalyzed by DNA methyltransferases (DNMTs), whereas demethylation can result from inhibition of DNMTs (passive demethy

lation) or from the activity of Ten-eleven translocation (TET) enzymes. Besides, TET enzymes can also convert 5mCs into 5-hydroxymethylcytosines 

(5hmCs), which are specifically enriched in the brain.17,32

NcRNAs encompass a broad class of RNAs that are not translated into a protein product. According to their length, they can be classified into small 

ncRNAs (sncRNAs), ranging from 18-20 to 200 nucleotides, and long ncRNAs (lncRNAs), which are longer than 200 nucleotides. SncRNAs include 

transport RNAs (tRNAs) and ribosomal RNAs (rRNAs), which are implied in protein translation; and microRNAs (miRNAs), which are key regulators of 

gene expression (usually resulting in translational inhibition). LncRNAs include linear and circular RNAs (circRNAs), which are implied in chromatin 

remodeling and can act as ‘‘sponges’’ for miRNAs.17,32

Histone modifications are key regulators of chromatin state which result from the covalent attachment of various chemical groups to the amino 

terminal domain of histones. The most studied histone modifications include acetylation, which is regulated by histone acetyltransferases (HATs) 

and histone deacetylates (HDACs) and is generally associated with transcriptional activation (due to the introduction of negative charges, which 

favor the opening of chromatin). Other widely studied modifications include histone methylation, phosphorylation, deamination, ubiquitination, se

rotonylation, and sumoylation, which promote the recruitment of other proteins that re-shape the chromatin structure.17,32 Some modifications, 

such as the phosphorylation of histone H2AX (γH2AX), are also implied in DNA damage response.33
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conducted on 24 non-smoking subjects showed that TRAP is 

associated with plasma levels of five brain-enriched miRNAs 

which are known to be implied in AD and/or PD; of these, miR- 

107, miR-433-3p, and miR-1224-5p were found to be increased 

in response to TRAP, while miR-885 and miR-34a-5p had the 

opposite trend.69

Long-term occupational exposure to airborne neurotoxic 

substances might be paralleled by ncRNA changes, which 

might modulate the risk of NDs. A study conducted on 59 

workers in a Korean industrial park showed that chronic expo

sure to toluene resulted in altered blood expression of 446 

lncRNAs and 26 miRNAs; among them, downregulation of 

NEAT1, a lncRNA implied in axonal growth, was also confirmed 

in the hippocampus of toluene-treated mice and in cultured 

neuroblasts.70

In addition, many studies have pointed out a detrimental effect 

exerted by inhalable heavy metals on the brain, especially for 

chronically exposed subjects such as miners and metalworkers; 

here, the effect of these compounds might be at least partially 

mediated by ncRNA alterations.71 In this regard, coke oven 

emissions (which are rich in coal tar, polycyclic aromatic hydro

carbons, and metals) were found to promote cognitive impair

ment and synaptic damage in exposed mice, which were 

accompanied by reduced miR-145a-5p and increased expres

sion of Sik1(a gene coding for a serine/threonine kinase implied 

in CNS physiopathology) in the hippocampus.72 Another study 

reported that 27 miRNAs were differentially expressed in cere

brovascular cells obtained from mice exposed for 2 weeks to 

wind-blown dust nearby a uranium mine, if compared to filtered 

air controls; of these miRNAs, 8 were also altered with the same 

directionality in the serum of exposed mice. The authors demon

strated that overexpression of mmu-let-7a, which was found to 

be the top upregulated miRNA by dust, impaired the integrity 

of the cerebrovascular endothelium.73

Regarding individual heavy metals, manganese is well-known 

to cause alterations in ncRNAs implied in synaptic transmission, 

autophagy, and apoptosis, as reported by multiple in vitro 

studies on neural cells.74–78 Interestingly, the miRNA cargo of 

Mn-induced EVs was found to participate in ND-related pro

cesses79 and might be exploited for therapeutic purposes. 

Here, intranasal administration of EVs derived from mesen

chymal stem cells differentiating into dopaminergic progenitors 

were shown to ameliorate neuroinflammation and motor 

dysfunction in Mn-exposed mice, possibly by shuttling miR- 

494-3p, which targets the inflammatory genes Cmpk2 and 

Nlrp3.80

Besides Mn, also lead has been found to promote brain alter

ations by modulating ncRNAs; however, while many in vivo 

studies have shown an ND-related effect of Pb exposure via 

drinking water or diet,81–83 evidence regarding Pb inhalation is 

currently lacking.

The main characteristics of the cited studies are summarized 

in Table 3.

Airborne toxicants, DNA methylation, and 

neurodegeneration

Over the last decades, it has strongly emerged that air pollution 

can modulate DNA methylation, either globally or at specific loci, 

with possible detrimental consequences on the CNS throughout 

the lifespan. To date, many population-based studies have re

ported an association between air pollution exposure, DNA 

methylation changes in peripheral tissues, and NDs. Here, a 

study conducted by Gondalia and co-workers on 8397 subjects 

from twelve multi-racial cohorts showed that monthly mean 

exposure levels to PM is associated with altered methylation 

levels at 3 CpG sites in peripheral blood leukocytes; among 

them, one mapped within the ARPP21 gene, which encodes 

an RNA-binding protein implied in AD pathogenesis.84 Similarly, 

Huang and colleagues reported an association between long- 

term exposure to PM, NO2, and O3 and the methylation status 

of the BDNF promoter in 101 subjects with AD, suggesting that 

such effect might be the result of the synergistic interaction of 

single pollutants.85,86 Another study conducted on policemen 

working in different Polish cities suggested that differential 

methylation of the NR4A2 gene, which is implied in brain dopa

minergic regulation, might be due to different levels of air pollut

ants.87 Besides, exposure to multiple VOCs (benzene, toluene, 

ethylbenzene, and xylene) was found to be associated with dif

ferential blood methylation of 201 CpG sites, many of which 

map within genes implied in GABA receptor- and oxytocin-medi

ated signaling, in 64 pregnant African-American women.88

If on one hand numerous studies have highlighted a link be

tween air pollution exposure and epigenetic changes in periph

eral blood, on the other hand DNA methylation alterations in 

brain tissue remain relatively unexplored. The only popula

tion-based, genome-wide research available thus far, con

ducted by Li and colleagues, identified 24 CpG sites as 

possible mediators of the adverse effects of long-term PM2.5 

exposure on neuropathology markers in the prefrontal cortex 

of 159 individuals with AD; of note, many of these CpG sites 

mapped within genes implied in neuroinflammation.89 Despite 

the lack of additional studies conducted on the human brain, 

multiple in vitro studies seem to support that brain DNA 

methylation alterations might link air pollution to NDs.90,91 Be

sides, research by Xu et al. demonstrated that TRAP impairs 

memory and triggers microglial activation, neuroinflammation, 

and oxidative stress in aged mice; of note, such alterations 

were paralleled by hypermethylation at the Abca7 gene pro

moter—known to play a role in AD-related microglial activation 

and Aβ processing—while the promoter region of Pyk, which 

participates in synaptic plasticity and tau pathology, was hy

pomethylated.92 Few studies also suggested that prenatal 

exposure to air pollution might modulate DNA methylation in 

neurodevelopmental processes93,94; however, it remains un

clear whether such dysregulation might also modulate the 

risk of NDs in late life.

DNA methylation can be also altered in response to different 

occupational inhalation exposures, with detrimental conse

quences on the nervous system. In this regard, many studies 

have focused on the effect of welding fumes (WFs) rich in Mn 

on ND-related DNA methylation changes. Indeed, exposure to 

WFs might foster ND-related neuroinflammation by inducing 

DNA hypomethylation at the NOS2 gene, which codes for the 

inducible nitric oxide synthase; accordingly, in a population of 

workers (or former workers) at welding sites, PD cases (n = 49) 

had lower NOS2 blood methylation than controls (n = 103).95
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The effect of Mn exposure on ND-related DNA methylation is 

also supported by in vitro evidence96,97; besides, a study re

ported that rats chronically exposed to stainless steel WFs had 

lower global DNA methylation in the brain, if compared to filtered 

air controls.98

Regarding Pb, to date most in vivo studies have focused on 

prenatal or early life exposures, showing that it can promote neu

rodevelopmental disorders via aberrant DNA methylation; never

theless, most studies have focused on exposure via diet,99,100

soil,101 or water,102–105 with the effect of inhaled Pb remaining 

uninvestigated. Besides, it is not clear whether such modifica

tions can persist into adulthood and increase the risk of NDs in 

older individuals. However, a study conducted on Macaca fasci

cularis showed that Pb exposure during infancy resulted in 

prominent AD-like alterations in aging animals; of note, such 

pathological changes were accompanied by a massive epige

netic reprogramming in the brain of exposed primates, including 

a decrease in Dnmt levels and global demethylation late in life.106

The main characteristics of the cited studies are summarized 

in Table 4.

Airborne toxicants, histone modifications, and 

neurodegeneration

Unlike DNA methylation and ncRNAs, to date few studies have 

focused on the role of histone modifications in ND-related 

processes induced by airborne toxicants. This is likely due to 

the challenges in studying histone modifications, as they are 

more complex, time-consuming, and less amenable to high- 

throughput methodologies. Although evidence is still scarce, 

some authors reported an effect of air pollution exposure starting 

from the very early stages of life, and even before birth. In a study 

conducted on post-mortem brain samples from 23 young adults, 

lower nuclear levels of H3K9me2 and H3K9me3 (markers of tran

scriptionally inactive chromatin), as well as increased γ-H2AX (a 

marker of DNA double-strand-break), were associated to living 

in highly polluted urban areas; of note, these epigenetic alter

ations were paralleled by accumulation of hyperphosphorylated 

tau protein and Aβ plaques, suggesting a link between air pollu

tion-related chromatin silencing/DNA damage and AD patho

genesis. These findings were also confirmed in mice chronically 

exposed to air pollution42 Besides, maternal exposure to PM2.5 

Table 3. Studies associating air pollution inhalation exposure, ncRNA changes, and ND

Pollutant (route/concentration)

Experimental 

approach Altered ncRNA

ncRNA targets 

(experimentally 

validated)

ND outcome (experimentally 

validated) References

PM2.5 (inhaled for 8h/day, 

8 weeks, at a conc. 

eight-fold higher than 

real-world one)

Rat model 100 circRNAs, 

67 lncRNAs, 

and 28 miRNAs

ND (predicted) ↓spatial learning and memory Chen et al.62

PM2.5 (inhaled for 8 weeks, 

at 61 μg/m3 conc.)

Mouse model 7 miRNAs ND (predicted) ↑brain damage, pro-inflammatory 

cytokines, Aβ-42 and AChE; ↓ChAT

Fu et al.63

PM2.5 (inhaled every other 

day for 4 weeks, at 

1–5 mg/kg bw)

Mouse model 20 miRNAs BACE1, targeted 

by miR-574-5p

↑brain and lung inflammation, 

↓synaptic integrity and spatial 

learning and memory

Ku et al.64

PM2.5 (inhaled for 8h/day, 

15 days, at 73 μg/m3 conc.)

Mouse model miRNAs 

(8-OHG levels)

ND ↓spatial learning and memory, 

cerebellar microglia; ↑cerebellar 

inflammation

Zhang 

et al.65

SO2 (inhaled for 6h/day, 

28 days, at 1 μg/mL) and 

PM2.5 (instilled every other 

day, 28 days, at 10 μg/mL)

Mouse model miR-337-5p ND (predicted) ↑neuronal apoptosis, phospho 

tau, synaptic abnormalities

Ku et al.66

O3 (inhaled for 4h/day, 

7 days, at 2.0 ppm conc.)

Rat model miR-221–3p PIK3R1 ↑depression-like behavior and 

hippocampal damage; ↓levels 

of synaptic proteins

Cao et al.67

TRAP (real-world exposure) Population- 

based study

54 miRNAs ND (predicted) ↑AD and PD risk (predicted) Krauskopf 

et al.69

Toluene (mean exposure: 

9h/day, 6.1 years; at 24X 

conc. than controls)

Population- 

based study 

(+ mouse 

model and 

in vitro)

446 lncRNAs 

and 26 miRNAs

ND (predicted) ND (↓spatial memory and motor 

control in the mouse model)

Yu et al.70

Coke oven emissions 

(instilled for 3 times/week, 

3 weeks, at 160 μg/50 μL 

conc.)

Mouse model 20 miRNAs SIK1, targeted by 

miR-145a-5p

↓spatial learning and memory, 

↓synaptic plasticity

Sanchez 

et al.73

Metal-rich PM (inhaled for 

4h/day, 2 weeks, at 

96.6 μg/m3 conc.)

Mouse model 27 miRNAs ND (predicted) ↓pulmonary endothelial barrier 

and BBB integrity,

Lu et al.78
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was found to impair hippocampal synaptic development and 

cognition in the offspring by decreasing the expression and pro

tein levels of KDM5A, a histone lysine demethylase implied in 

transcriptional repression; indeed, PM2.5-induced decline of 

KDM5A was paralleled by elevation of H3K4me3 in hippocampal 

neurons of prenatally exposed mice. Similar trends were also 

observed in PM2.5-treated hippocampal neuronal cultures.107

However, these effects seem to be sex-specific, with males un

dergoing memory impairment in the adulthood; this might be due 

to their incapacity to cope with PM exposure by upregulating his

tone demethylases KDM5A and KDM6A, as observed in their fe

male littermates.108

In addition, there is emerging evidence supporting an effect of 

inhaled plastic particles on histone-related processes in the 

context of NDs. Han and co-authors showed that intranasally 

administered polystyrene nanoparticles (PNs) caused neuro

toxic damage in the brain of treated mice. This noxious effect 

induced by PN accrual in the brain might be promoted by 

HDAC6, which is implied in retrograde transport and perinuclear 

accumulation of PNs; indeed, treatment with an HDAC6 inhibitor 

ameliorated NP-induced cell damage and oxidative stress in 

cultured primary neurons.109

Regarding inhaled heavy metals, a study conducted on Chi

nese subjects showed that people residing near electronic waste 

recycling areas (n = 99) had higher blood metal concentrations, 

increased euchromatic histone lysine methyltransferase 1 

(EHMT1) and markers of oxidative stress, and lower BDNF and 

Aβ42 if compared to the non-exposed group (n = 96).110 In addi

tion, multiple studies reported that Mn (injected intraperitoneally) 

can induce histone hypoacetylation in nervous tissues. In the 

striatum of rats, Mn was found to increase HDAC levels and 

decrease histone acetylation in the promoter region of genes 

Table 4. Studies associating air pollution inhalation exposure, DNA methylation changes, and ND

Pollutant (route/concentration)

Experimental 

approach

Differentially methylated 

sites/targets Tissue/sample

ND outcome 

(experimentally 

validated) References

PM2.5, PM10, PM2.5-10 (mean 

1-month exposure: 0.9, 13.2 

and 7.7 μg/m3, respectively)

Population- 

based study

3 CpG sites within MATN4, 

ARPP21/miR128-2, and 

CFTR

blood leukocytes ND Gondalia et al.84

PM1, PM2.5, PM10, and NO2 

(3-year, real life exposures)

Population- 

based study

7 CpG sites within BDNF Whole blood ND Huang et al.85

PM2.5 and ozone (3-year, 

real life synergic exposures)

Population- 

based study

1 CpG site within BDNF Whole blood ND Huang et al.86

PM2.5, benzo(a)pyrene, NO2 

(3-month/1year, real life 

exposures grouped according 

to the city)

Population- 

based study

3/31/13643 CpG sites 

(depending on city 

comparisons)

Whole blood ND Honkova et al.87

Benzene, toluene, 

ethylbenzene, xylenes (second 

trimester, real life exposures)

Population- 

based study

201 CpG sites Whole blood ND Straughen et al.88

Traffic-related PM2.5 

(1/3/5-year, real life exposure 

prior to death)

Population- 

based study

22 CpG sites Prefrontal cortex ↑AD-related 

neuropathological 

markers

Li et al.89

Traffic-related PM2.5 and NOx 

(inhaled for 12h/day, 

2/4/12 weeks, at 690.40μg/m3 

and 489.00μg/m3 conc. 

respectively)

Mouse model 5 CpG sites within ABCA7 

and PYK2

Hippocampus 

and dorsolateral 

prefrontal cortex

↓memory, 

↑neuroinflammation 

and oxidative stress

Xu et al.92

Indoor PM10 (3-month, real-life 

pregnancy exposure, mean 

64.5 μg/m3 conc.)

Population- 

based study

29 CpG sites Cord blood ND Feil et al.93

PM2.5, PM10, NO2 (real-life 

pregnancy exposure, mean 

conc. 19.7 μg/m3 for NO2, 

18.1 μg/m3 for PM10, and 

12.1 μg/m3 for PM2.5)

Population- 

based study

4 CpG sites (total 

population)

Placenta ND Broséus et al.94

Welding fumes (mean exposure 

19.8 years)

Population- 

based study

3 CpG sites within NOS2 Whole blood ↑PD risk Searles Nielsen 

et al.95

Welding fumes (inhaled for 

3h/day, 4 days/week, 5 weeks, 

at 20 mg/m3 conc.)

Rat model Overall DNA methylation Whole brain ↑telomere length, 

phospho tau, 

presenilin 1-2, 

α-synuclein

Shoeb et al.98
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implied in oxidative stress response, causing oxidative damage, 

and memory impairment111–113; similar findings were also ob

tained in neuroblastoma cells, where also HATs were found to 

be downregulated by Mn treatment.112,114,115 The importance 

of Mn-induced, ND-related alterations due to histone deacetyla

tion was also supported by Johnson Jr and colleagues, showing 

that HDAC inhibitors can restore locomotor abilities and the 

levels of glutamate/aspartate transporters in the brain of mice 

intranasally instilled with Mn.116,117 Lastly, Mn treatment of mi

croglial cells previously exposed to a pro-inflammatory cue re

sulted in enhanced deposition of H3K27ac, H3K4me1, and 

H3K4me3; this might be relevant in the context of ND-associated 

neuroinflammation, as the same modifications were also found 

to be increased in a PD mouse model and in post-mortem human 

PD brains, if compared to healthy controls.118

Similar to Mn, also lead was found to upregulate HDACs and 

alter histone acetylation patterns, causing neurotoxicity and 

cognitive deficits119,120; besides, these HDAC-mediated effects 

might be further worsened by concomitant exposure to other 

heavy metals such as cadmium.121 Instead, HDAC inhibitors 

were shown to ameliorate such Pb-induced, ND-related alter

ations.119,120 Interestingly, butyrate supplementation was found 

to alleviate neuroinflammation and memory impairment caused 

by chronic Pb exposure, by restoring H3K9ac at Bdnf promoter 

region in the hippocampus of mice.122 Instead, there is substan

tial lack of evidence regarding the effects of other heavy metals 

on histone modifications. Nevertheless, it is likely that exposure 

to As and Hg might indirectly impact on the enzymatic activity of 

histone methyltransferases, since these enzymes utilize SAM as 

a methyl donor, and the synthesis of SAM and of methionine (its 

precursor) is inhibited by both As and Hg.123

The main characteristics of the cited studies are summarized 

in Table 5.

DISCUSSION

Strengths of current evidence

In recent years, considerable progress has been made in under

standing the influence of air pollution and occupational inhalation 

exposures on NDs, specifically in relation to epigenetic modifica

tions. It is now well-established that exposure to PM, VOCs, and 

heavy metals—commonly present in urban air pollution and en

riched in specific occupational settings—correlates with ND risk. 

Epidemiological studies, together with animal and cellular 

models, consistently show that such exposure can induce mo

lecular changes linked to ND pathogenesis, particularly in AD 

and PD. Key findings demonstrate that exposure to fine PM 

and VOCs can alter the expression of ncRNAs, promote DNA 

methylation changes in blood and brain tissues, and trigger his

tone modifications associated with inflammation, oxidative 

stress, and neuronal damage (Figure 2). Although the study of 

epigenetic alterations occurring in the brain is intrinsically prob

lematic in living subjects, circulating EVs derived from neurons, 

astrocytes, and microglia are emerging as promising candidates 

to overcome such hurdle, providing an avenue for assessing ND 

risk without resorting to invasive sampling of brain tissue. 

Indeed, peripheral blood measures may not fully reflect epige

netic states in the brain.

Critical gaps

While substantial findings have emerged, notable gaps and 

complexities in the field warrant further investigation, especially 

Table 5. Studies associating air pollution inhalation exposure, histone modifications, and ND

Pollutant (route/concentration)

Experimental 

approach

Histone modification 

(HM) and/or HM 

enzymes Tissue/sample

ND outcome 

(experimentally 

validated) References

Metal-rich PM2.5 (inhaled at 

real-word conc., 1 year prior 

death; for mice: 7months, 

mean PM2.5 > 55 μg/m3, 

UFP> 26000 counts/cm3)

Population-based 

study (post- 

mortem) + mouse 

model

H3K9me2/me3 

and γ-H2A.X

Brain (different 

regions)

↑phospho tau, 

Aβ plaques

Calderón-Garcidueñas 

et al.42

PM2.5 (inhaled every 3 days, 

for 15 days, at 0.2592, 1.728 

and 3.456 mg/kg b.w conc.)

Mouse model 

(+ in vitro)

H3K4me3 (potentially 

by KDM5A)

Hippocampus ↓synaptic 

development

Huang et al.107

Traffic-related PM2.5 (instilled 

for 6 weeks, 5 μg/mouse/day)

Mouse model KDM5A and KDM6A Whole brain ↓spatial and 

learning memory, 

mitochondrial 

function

Oliver et al.108

polystyrene nanoplastics (instilled 

at 200 mg/L conc.)

Mouse model 

(+ in vitro)

HDAC6 Brain (different 

regions)

↑Gfap and Lcn2, 

neuroinflammation 

and neurotoxicity; 

↓Tubb3

Han et al.109

E-waste toxicants (exposure 

>10years, possibly by inhalation)

Population- 

based study

EHMT1 Plasma ↓BDNF and Aβ42; 

↑BAZ2B and 

malondialdehyde

Zhu et al.110

MnCl2 (instilled fpr 21 days, at 

30 mg/kg conc.)

Mouse model H3ac and H4ac 

(potentially HDAC)

Midbrain and 

striatum

↓Motor activity and 

coordination; ↓GLT-1 

and GLAST

Johnson et al.116; 

Johnson et al.117
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as the adoption of preventive strategies to reduce the burden of 

NDs becomes increasingly imperative.

Firstly, the exact molecular mechanisms linking air pollution 

exposure to epigenetic modifications are difficult to determine, 

especially considering ‘‘real-world’’ pollution, which is a mixture 

of many different molecular components whose effect can vary 

depending on size and chemical composition. On one hand, 

nanosized particles can penetrate into exposed tissues and 

competitively interact with epigenetic regulators124; on the other 

hand larger particles rather exert an indirect action, fostering 

systemic inflammation. Here, it has been shown that macro

phages can internalize PM2.5, leading to NLRP3 inflammasome 

activation and subsequent release of the pro-inflammatory cyto

kine IL-1β.125 Interestingly, IL-1β can promote cognitive deficits 

by upregulating the epigenetic repressor methyl-CpG binding 

protein 2 (MeCP2), a DNA binding protein which in turn silences 

synaptic plasticity-related genes by cooperating with histone de

acetylate HDAC4.126 Besides, the dose/concentration of inhaled 

particles and the health status of the individual also determine 

the impact on epigenetic modifications, and consequently on 

the phenotype. For instance, subjects with obesity inhale a larger 

volume of air if compared to those with normal weight (therefore, 

they are exposed to higher doses of air pollutants) and are hyper

susceptible to air pollution-induced DNA methylation changes 

due to their basal, low-grade inflammatory status.127 Similarly, 

it is likely that all disease states characterized by chronic inflam

mation (including NDs) provide fertile ground for air pollution- 

induced epigenetic changes. Accordingly, a recent study has 

shown that exposure to diesel exhaust triggers a massive epige

netic reshaping in olfactory cells from AD patients, if compared 

to those from controls.128

Due to the complexity of dealing with multiple variables that 

can modulate the effect of air pollution on ND risk, such as the 

inflammatory status and the gut microbiota, few population- 

based studies have been conducted so far, with the majority of 

them relying on a cross-sectional approach, which limits insights 

into temporal relationships and causality. Also, most of these 

studies involve participants in old age. In this scenario, it is diffi

cult to estimate the predictive value of epigenetic biomarkers in 

the context of implementing preventive strategies, considering 

that they are assessed in a population most likely characterized 

by general age-related dysfunctions. In this regard, another 

notable gap lies in the need to understand how early-life expo

sure to pollutants might affect ND risk later in life, as epigenetic 

‘‘priming’’ could sensitize individuals to neurodegenerative con

ditions in adulthood.

In addition, most studies have focused on PM and heavy 

metals, while other air pollutants remain largely neglected. 

Research into the direct effects of PM0.1 on the brain is limited, 

particularly in human studies, where ethical and technical chal

lenges restrict research. Similarly, although animal studies sug

gest that PM and VOC exposure can affect ncRNA networks in 

the brain, longitudinal human studies are required to confirm 

these findings and establish causality. This is particularly 

Figure 2. Effect of air pollutants on epigenetic regulation in the brain
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important since the translation of findings from animal models to 

humans is complicated by anatomical differences in inhalation 

routes; for example, the substantial differences in nasal struc

tures between rodents and humans might affect the deposition 

and effects of inhaled toxicants. Another area of concern is the 

limited research on nanoplastics and graphene, which, while 

not classified as recognized airborne pollutants, may still pose 

significant neurotoxic risks due to their potential to accumulate 

in brain tissues.

Recommendations for future research

Overall, existing studies have generated invaluable insights into 

the links between airborne pollutants and ND-associated epige

netic modifications, benefiting from diverse models and multidis

ciplinary approaches. In vivo and in vitro models have allowed 

controlled analyses of mechanistic pathways, while few epide

miological studies have provided essential population-based ev

idence and highlighted public health implications. However, 

these studies face limitations related to environmental variability, 

potential confounding factors, and the challenge of translating 

animal findings to human populations. Occupational studies 

tend to group exposures broadly, without accounting for the 

variability in exposure levels, duration, or combinations of toxi

cants, which may lead to inconsistent findings. In this perspec

tive, future population-based studies need to rely on an expo

some-based, one-health approach, taking into account other 

potentially confounding exposures. Future studies would also 

benefit from longitudinal designs to investigate the long-term ef

fects of pollution exposure on ND risk. Besides, evidence is 

mounting that some air pollutants can enter the organism via 

non-inhalatory routes, such as diet and water, expanding the 

scope of exposure risk beyond the respiratory system. Further 

research on these alternative routes of exposure, as well as on 

non-traditional exposure pathways such as the gut-brain axis 

and early developmental exposures, could reveal novel interven

tion targets.

Notably, although AD and PD have been extensively studied, 

other high-prevalence NDs—such as multiple sclerosis, amyo

trophic lateral sclerosis, and Huntington’s disease—remain 

comparatively under-researched in the context of air pollution 

and epigenetic alterations. Since all these NDs are characterized 

by systemic inflammation and by epigenetic alterations, both in 

peripheral tissues and CNS, air pollution might be implied in their 

pathogenesis by modulating these processes. However, this hy

pothesis has not yet been experimentally tested, highlighting the 

need for future research in this area.

Finally, there is a pressing need to study the crosstalk among 

different epigenetic modifications, as current evidence indicates 

that they interact dynamically rather than being functionally inde

pendent, and that pollutants can modulate molecular processes 

that control the overall epigenetic landscape. For instance, 

heavy metals, such as lead and manganese, are known to 

disrupt ion channel function within neurons, thus interfering 

with calcium homeostasis129; such dysregulation can impact 

the activity of calcium-dependent enzymes, such as HDACs 

and DNMTs, potentially leading to massive epigenetic changes 

in the expression of ND-related genes. To date, few studies 

have tried to draw a more comprehensive picture of overall 

epigenetic reshaping induced by air pollutants in the context of 

NDs, by analyzing different types of epigenetic marks. For 

instance, a study has shown that Pb promotes cognitive impair

ment by diminishing H3K27me3 levels via modulation of the 

interplay between EZH2 (an histone methyltransferase) and 

miR-137.130 Another study reported that toluene exposure 

broadly alters miRNA, lncRNA, and DNA methylation targeting 

genes associated with NDs.70 In this framework, omics-based 

techniques could provide a more comprehensive understanding 

of how these epigenetic marks collectively modulate ND-related 

processes. Integrating advanced bioinformatics and machine 

learning approaches could help identify specific epigenetic bio

markers for ND susceptibility and progression, allowing for more 

precise risk assessments. In terms of epigenetic mechanisms, 

further studies of histone modification patterns in response to 

pollutants may uncover potential therapeutic or preventive stra

tegies, such as HDAC inhibitors or dietary interventions, which 

could mitigate ND risk among high-exposure populations. A tar

geted, multidisciplinary research approach is essential to fill 

these gaps, refine our understanding, and develop effective pub

lic health strategies that mitigate ND risk among high-exposure 

populations.

CONCLUSION

Emerging evidence underscores the pivotal role of airborne pol

lutants, both environmental and occupational, in shaping epige

netic alterations that may contribute to the pathogenesis of NDs. 

These findings carry important implications at the clinical, regu

latory, and research levels.

From a clinical perspective, epigenetic modifications such as 

DNA methylation shifts, ncRNA dysregulation, and histone re

modeling have been shown to occur in response to pollution 

exposure and may precede the onset of overt neurological 

symptoms. These molecular changes offer promising avenues 

for the development of predictive or early diagnostic biomarkers, 

particularly when measurable in peripheral tissues or through 

CNS-derived EVs circulating in the bloodstream.

On the regulatory front, the evidence that certain occupational 

groups are consistently exposed to neurotoxic airborne sub

stances—such as heavy metals, VOCs, and fine PM—points 

to a need for strengthened environmental and workplace pro

tections. Previously implemented interventions, such as the 

phase-out of leaded gasoline, have proved successful in 

reducing levels of blood Pb and its detrimental effects on cogni

tion.131 Besides, positive urban planning measures—such as 

increasing green space—could improve air quality and conse

quently counter ND-related outcomes induced by air pollu

tion.132 Incorporating epigenetic biomarkers into occupational 

health surveillance programs may support more tailored pre

ventive strategies, particularly for individuals with heightened 

susceptibility.

Finally, future research should embrace a longitudinal, inter

disciplinary, and multi-omic approach to better elucidate the 

causal links between pollution exposure, epigenetic dysregula

tion, and ND onset. Expanding the scope of investigation to 

underexplored disorders, such as multiple sclerosis, amyotro

phic lateral sclerosis, and Huntington’s disease, as well as 
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accounting for early-life exposures and cumulative risk over the 

life course, will be essential to advance our understanding and to 

develop effective, targeted interventions.
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P.K., Parmar, D., Chakrabarti, T., and Krishnamurthi, K. (2018). Manga

nese exposure: Linking down-regulation of miRNA-7 and miRNA-433 

with α-synuclein overexpression and risk of idiopathic Parkinson’s 

disease. Toxicol. Vitro 46, 94–101. https://doi.org/10.1016/j.tiv.2017. 

10.003.

75. He, R., Xie, X., Lv, L., Huang, Y., Xia, X., Chen, X., and Zhang, L. (2017). 

Comprehensive investigation of aberrant microRNAs expression in cells 

culture model of MnCl2-induced neurodegenerative disease. Biochem. 

Biophys. Res. Commun. 486, 342–348. https://doi.org/10.1016/j.bbrc. 

2017.03.041.

76. Ma, J., Zhang, Y., Ji, H., Chen, L., Chen, T., Guo, C., Zhang, S., Jia, J., 

and Niu, P. (2019). Overexpression of miR-138-5p suppresses MnCl2 

-induced autophagy by targeting SIRT1 in SH-SY5Y cells. Environ. Tox

icol. 34, 539–547. https://doi.org/10.1002/tox.22708.

77. Wang, L., Su, L., Cen, Y., Li, J., Yang, J., and Li, Y. (2023). Overexpressed 

miRNA-nov-1 promotes manganese-induced apoptosis in N27 cells by 

regulating Dhrs3 to activate mTOR signaling pathway. Toxicology 

(Amst.) 489, 153472. https://doi.org/10.1016/j.tox.2023.153472.

78. Lu, W., Li, D., Wei, S., Yang, J., Tang, C., Ma, X., and Zou, Y. (2022). Long 

noncoding RNA Sh2d3c promotes manganese-induced neuronal 

apoptosis through the mmu-miR-675-5p/Chmp4b/Bax axis. Toxicol. 

Lett. 365, 24–35. https://doi.org/10.1016/j.toxlet.2022.06.002.

79. Harischandra, D.S., Ghaisas, S., Rokad, D., Zamanian, M., Jin, H., Anan

tharam, V., Kimber, M., Kanthasamy, A., and Kanthasamy, A.G. (2018). 

Environmental neurotoxicant manganese regulates exosome-mediated 

extracellular miRNAs in cell culture model of Parkinson’s disease: Rele

vance to α-synuclein misfolding in metal neurotoxicity. Neurotoxicology 

(Little Rock) 64, 267–277. https://doi.org/10.1016/j.neuro.2017.04.007.

80. Yang, X., Wang, X., Xia, J., Jia, J., Zhang, S., Wang, W., He, W., Song, X., 

Chen, L., Niu, P., and Chen, T. (2024). Small extracellular vesicles- 

derived from 3d cultured human nasal mucosal mesenchymal stem 

cells during differentiation to dopaminergic progenitors promote neural 

damage repair via miR-494-3p after manganese exposed mice. Ecotox

icol. Environ. Saf. 280, 116569. https://doi.org/10.1016/j.ecoenv.2024. 

116569.

81. Wang, R., Wu, Z., Liu, R., Bai, L., Lin, Y., Ba, Y., and Huang, H. (2022). 

Age-related miRNAs dysregulation and abnormal BACE1 expression 

following Pb exposure in adolescent mice. Environ. Toxicol. 37, 1902– 

1913. https://doi.org/10.1002/tox.23536.

82. Qiao, M., Yang, H., Liu, L., Yu, T., Wang, H., Chen, X., Zhang, Y., Duan, 

A., Lyu, S., Wu, S., et al. (2024). Chronic Lead Exposure in Adult Mice: As

sociations with miR-671/CDR1as Regulation, NF-κB Signaling, and Alz

heimer’s Disease-like Pathology. Toxics 12, 410. https://doi.org/10. 

3390/toxics12060410.

83. Singh, G., Singh, V., Kim, T., Ertel, A., Fu, W., and Schneider, J.S. (2022). 

Altered genome-wide hippocampal gene expression profiles following 

early life lead exposure and their potential for reversal by environmental 

enrichment. Sci. Rep. 12, 11937. https://doi.org/10.1038/s41598-022- 

15861-9.

84. Gondalia, R., Baldassari, A., Holliday, K.M., Justice, A.E., Méndez-Girál

dez, R., Stewart, J.D., Liao, D., Yanosky, J.D., Brennan, K.J.M., Engel, S. 

M., et al. (2019). Methylome-wide association study provides evidence of 

particulate matter air pollution-associated DNA methylation. Environ. Int. 

132, 104723. https://doi.org/10.1016/j.envint.2019.03.071.

85. Huang, H., Yang, L., Liu, Y., Dong, G.-H., Chen, L., Li, S., Guo, Y., Xie, B., 

and Chen, G. (2022). Long-term ambient air pollution exposure and DNA 

methylation of peripheral brain-derived neurotrophic factor promoter. 

Ecotoxicol. Environ. Saf. 244, 114061. https://doi.org/10.1016/j.ecoenv. 

2022.114061.

86. Huang, H., Xie, B., Liu, Y., Dong, G.-H., Liu, R., Gui, Z., Chen, L., Li, S., 

Guo, Y., Yang, L., and Chen, G. (2024). Long-term exposure to PM2.5 

14 iScience 28, 112825, July 18, 2025 

iScience
Review

ll
OPEN ACCESS

https://doi.org/10.1016/j.prp.2024.155511
https://doi.org/10.1016/j.prp.2024.155511
https://doi.org/10.3390/ijms17081279
https://doi.org/10.1016/j.bbr.2017.03.010
https://doi.org/10.1016/j.ygeno.2020.12.025
https://doi.org/10.1016/j.ygeno.2020.12.025
https://doi.org/10.1016/j.jes.2021.10.007
https://doi.org/10.1186/s12989-017-0215-3
https://doi.org/10.1016/j.ecoenv.2022.114425
https://doi.org/10.1016/j.ecoenv.2022.114425
https://doi.org/10.1039/c6tx00314a
https://doi.org/10.1016/j.ecoenv.2022.114171
https://doi.org/10.1016/j.envint.2015.12.014
https://doi.org/10.1016/j.envint.2018.01.014
https://doi.org/10.1016/j.envint.2018.01.014
https://doi.org/10.1002/tox.23444
https://doi.org/10.1016/j.envpol.2024.123563
https://doi.org/10.1016/j.ecoenv.2024.116401
https://doi.org/10.1186/s12989-020-00361-3
https://doi.org/10.1186/s12989-020-00361-3
https://doi.org/10.1016/j.tiv.2017.10.003
https://doi.org/10.1016/j.tiv.2017.10.003
https://doi.org/10.1016/j.bbrc.2017.03.041
https://doi.org/10.1016/j.bbrc.2017.03.041
https://doi.org/10.1002/tox.22708
https://doi.org/10.1016/j.tox.2023.153472
https://doi.org/10.1016/j.toxlet.2022.06.002
https://doi.org/10.1016/j.neuro.2017.04.007
https://doi.org/10.1016/j.ecoenv.2024.116569
https://doi.org/10.1016/j.ecoenv.2024.116569
https://doi.org/10.1002/tox.23536
https://doi.org/10.3390/toxics12060410
https://doi.org/10.3390/toxics12060410
https://doi.org/10.1038/s41598-022-15861-9
https://doi.org/10.1038/s41598-022-15861-9
https://doi.org/10.1016/j.envint.2019.03.071
https://doi.org/10.1016/j.ecoenv.2022.114061
https://doi.org/10.1016/j.ecoenv.2022.114061


compositions and O3 and their interactive effects on DNA methylation of 

peripheral brain-derived neurotrophic factor promoter. Int. J. Environ. 

Health Res. 34, 2957–2968. https://doi.org/10.1080/09603123.2023. 

2280157.

87. Honkova, K., Rossnerova, A., Chvojkova, I., Milcova, A., Margaryan, H., 

Pastorkova, A., Ambroz, A., Rossner, P., Jirik, V., Rubes, J., et al. (2022). 

Genome-Wide DNA Methylation in Policemen Working in Cities Differing 

by Major Sources of Air Pollution. Int. J. Mol. Sci. 23, 1666. https://doi. 

org/10.3390/ijms23031666.

88. Straughen, J.K., Loveless, I., Chen, Y., Burmeister, C., Lamerato, L., 

Lemke, L.D., O’Leary, B.F., Reiners, J.J., Sperone, F.G., Levin, A.M., 

and Cassidy-Bushrow, A.E. (2024). The Impact of Environmental Ben

zene, Toluene, Ethylbenzene, and Xylene Exposure on Blood-Based 

DNA Methylation Profiles in Pregnant African American Women from De

troit. Int. J. Environ. Res. Public Health 21, 256. https://doi.org/10.3390/ 

ijerph21030256.

89. Li, Z., Liang, D., Ebelt, S., Gearing, M., Kobor, M.S., Konwar, C., Macl

saac, J.L., Dever, K., Wingo, A.P., Levey, A.I., et al. (2024). Differential 

DNA methylation in the brain as potential mediator of the association be

tween traffic-related PM2.5 and neuropathology markers of Alzheimer’s 

disease. Alzheimer’s Dement. 20, 2538–2551. https://doi.org/10.1002/ 

alz.13650.

90. Wei, H., Liang, F., Meng, G., Nie, Z., Zhou, R., Cheng, W., Wu, X., Feng, 

Y., and Wang, Y. (2016). Redox/methylation mediated abnormal DNA 

methylation as regulators of ambient fine particulate matter-induced neu

rodevelopment related impairment in human neuronal cells. Sci. Rep. 6, 

33402. https://doi.org/10.1038/srep33402.

91. Wei, H., Feng, Y., Liang, F., Cheng, W., Wu, X., Zhou, R., and Wang, Y. 

(2017). Role of oxidative stress and DNA hydroxymethylation in the 

neurotoxicity of fine particulate matter. Toxicology (Amst.) 380, 94–103. 

https://doi.org/10.1016/j.tox.2017.01.017.

92. Xu, C., Zhang, J., Zhou, Q., Wang, J., Liu, C., Tian, Y., Huang, D., Ye, H., 

and Jin, Y. (2022). Exposure to a real traffic environment impairs brain 

cognition in aged mice. Environ. Res. 215, 114181. https://doi.org/10. 

1016/j.envres.2022.114181.

93. Feil, D., Abrishamcar, S., Christensen, G.M., Vanker, A., Koen, N., Kila

nowski, A., Hoffman, N., Wedderburn, C.J., Donald, K.A., Kobor, M.S., 

et al. (2023). DNA methylation as a potential mediator of the association 

between indoor air pollution and neurodevelopmental delay in a South 

African birth cohort. Clin. Epigenetics 15, 31. https://doi.org/10.1186/ 

s13148-023-01444-6.
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P.K., Parmar, D., Chakrabarti, T., and Kannan, K. (2017). Global DNA 

methylation profiling of manganese-exposed human neuroblastoma 

SH-SY5Y cells reveals epigenetic alterations in Parkinson’s disease- 

associated genes. Arch. Toxicol. 91, 2629–2641. https://doi.org/10. 

1007/s00204-016-1899-0.

97. Liu, X., Yao, C., Tang, Y., Liu, X., Duan, C., Wang, C., Han, F., Xiang, Y., 

Wu, L., Li, Y., et al. (2022). Role of p53 methylation in manganese- 

induced cyclooxygenase-2 expression in BV2 microglial cells. Ecotoxi

col. Environ. Saf. 241, 113824. https://doi.org/10.1016/j.ecoenv.2022. 

113824.

98. Shoeb, M., Mustafa, G.M., Kodali, V.K., Smith, K., Roach, K.A., Boyce, 

G., Meighan, T., Roberts, J.R., Erdely, A., and Antonini, J.M. (2020). A 

possible relationship between telomere length and markers of neurode

generation in rat brain after welding fume inhalation exposure. Environ. 

Res. 180, 108900. https://doi.org/10.1016/j.envres.2019.108900.

99. Schneider, J.S., Kidd, S.K., and Anderson, D.W. (2013). Influence of 

developmental lead exposure on expression of DNA methyltransferases 

and methyl cytosine-binding proteins in hippocampus. Toxicol. Lett. 217, 

75–81. https://doi.org/10.1016/j.toxlet.2012.12.004.

100. Singh, G., Singh, V., Wang, Z.-X., Voisin, G., Lefebvre, F., Navenot, J.-M., 

Evans, B., Verma, M., Anderson, D.W., and Schneider, J.S. (2018). Ef

fects of developmental lead exposure on the hippocampal methylome: 

Influences of sex and timing and level of exposure. Toxicol. Lett. 290, 

63–72. https://doi.org/10.1016/j.toxlet.2018.03.021.

101. Nakayama, S.M.M., Nakata, H., Ikenaka, Y., Yabe, J., Oroszlany, B., Yo

hannes, Y.B., Bortey-Sam, N., Muzandu, K., Choongo, K., Kuritani, T., 

et al. (2019). One year exposure to Cd- and Pb-contaminated soil causes 

metal accumulation and alteration of global DNA methylation in rats. En

viron. Pollut. 252, 1267–1276. https://doi.org/10.1016/j.envpol.2019. 

05.038.

102. Wang, R., Yang, M., Wu, Y., Liu, R., Liu, M., Li, Q., Su, X., Xin, Y., Huo, W., 

Deng, Q., et al. (2022). SIRT1 modifies DNA methylation linked to synap

tic deficits induced by Pb in vitro and in vivo. Int. J. Biol. Macromol. 217, 

219–228. https://doi.org/10.1016/j.ijbiomac.2022.07.060.

103. Petroff, R.L., Cavalcante, R.G., Colacino, J.A., Goodrich, J.M., Jones, T. 

R., Lalancette, C., Morgan, R.K., Neier, K., Perera, B.P.U., Rygiel, C.A., 

et al. (2023). Developmental exposures to common environmental con

taminants, DEHP and lead, alter adult brain and blood hydroxymethyla

tion in mice. Front. Cell Dev. Biol. 11, 1198148. https://doi.org/10. 

3389/fcell.2023.1198148.

104. Sobolewski, M., Varma, G., Adams, B., Anderson, D.W., Schneider, J.S., 

and Cory-Slechta, D.A. (2018). Developmental Lead Exposure and Pre

natal Stress Result in Sex-Specific Reprograming of Adult Stress Physi

ology and Epigenetic Profiles in Brain. Toxicol. Sci. 163, 478–489. https:// 

doi.org/10.1093/toxsci/kfy046.

105. Morgan, R.K., Wang, K., Svoboda, L.K., Rygiel, C.A., Lalancette, C., Cav

alcante, R., Bartolomei, M.S., Prasasya, R., Neier, K., Perera, B.P.U., 

et al. (2024). Effects of Developmental Lead and Phthalate Exposures 

on DNA Methylation in Adult Mouse Blood, Brain, and Liver: A Focus 

on Genomic Imprinting by Tissue and Sex. Environ. Health Perspect. 

132, 67003. https://doi.org/10.1289/EHP14074.

106. Bihaqi, S.W., Huang, H., Wu, J., and Zawia, N.H. (2011). Infant exposure 

to lead (Pb) and epigenetic modifications in the aging primate brain: im

plications for Alzheimer’s disease. J. Alzheimers Dis. 27, 819–833. 

https://doi.org/10.3233/JAD-2011-111013.

107. Huang, J., Song, C., Liu, Y., Zhang, T., Wang, T., Liu, X., and Yu, L. (2024). 

Epigenetic regulation by KDM5A mediates the effects of prenatal PM2.5 

exposure on hippocampal development and synaptic integrity through 

the Shh signaling pathway. Ecotoxicol. Environ. Saf. 276, 116311. 

https://doi.org/10.1016/j.ecoenv.2024.116311.

108. Oliver, B.G., Huang, X., Yarak, R., Bai, X., Wang, Q., Zakarya, R., Reddy, 

K.D., Donovan, C., Kim, R.Y., Morkaya, J., et al. (2024). Chronic maternal 

exposure to low-dose PM2.5 impacts cognitive outcomes in a sex- 

dependent manner. Environ. Int. 191, 108971. https://doi.org/10.1016/j. 

envint.2024.108971.

109. Han, S.-W., Kim, T.-Y., Bae, J.-S., Choi, J., and Ryu, K.-Y. (2023). Allevi

ation of neurotoxicity induced by polystyrene nanoplastics by increased 

exocytosis from neurons. Biochem. Biophys. Res. Commun. 668, 19–26. 

https://doi.org/10.1016/j.bbrc.2023.05.070.

110. Zhu, X., Li, Z., Guo, C., Wang, Z., Wang, Z., Li, X., Qian, Y., and Wei, Y. 

(2022). Risk of neurodegeneration among residents of electronic waste 

recycling areas. Ecotoxicol. Environ. Saf. 230, 113132. https://doi.org/ 

10.1016/j.ecoenv.2021.113132.

iScience 28, 112825, July 18, 2025 15 

iScience
Review

ll
OPEN ACCESS

https://doi.org/10.1080/09603123.2023.2280157
https://doi.org/10.1080/09603123.2023.2280157
https://doi.org/10.3390/ijms23031666
https://doi.org/10.3390/ijms23031666
https://doi.org/10.3390/ijerph21030256
https://doi.org/10.3390/ijerph21030256
https://doi.org/10.1002/alz.13650
https://doi.org/10.1002/alz.13650
https://doi.org/10.1038/srep33402
https://doi.org/10.1016/j.tox.2017.01.017
https://doi.org/10.1016/j.envres.2022.114181
https://doi.org/10.1016/j.envres.2022.114181
https://doi.org/10.1186/s13148-023-01444-6
https://doi.org/10.1186/s13148-023-01444-6
https://doi.org/10.1016/S2542-5196(24)00045-7
https://doi.org/10.1016/S2542-5196(24)00045-7
https://doi.org/10.1016/j.parkreldis.2015.01.007
https://doi.org/10.1016/j.parkreldis.2015.01.007
https://doi.org/10.1007/s00204-016-1899-0
https://doi.org/10.1007/s00204-016-1899-0
https://doi.org/10.1016/j.ecoenv.2022.113824
https://doi.org/10.1016/j.ecoenv.2022.113824
https://doi.org/10.1016/j.envres.2019.108900
https://doi.org/10.1016/j.toxlet.2012.12.004
https://doi.org/10.1016/j.toxlet.2018.03.021
https://doi.org/10.1016/j.envpol.2019.05.038
https://doi.org/10.1016/j.envpol.2019.05.038
https://doi.org/10.1016/j.ijbiomac.2022.07.060
https://doi.org/10.3389/fcell.2023.1198148
https://doi.org/10.3389/fcell.2023.1198148
https://doi.org/10.1093/toxsci/kfy046
https://doi.org/10.1093/toxsci/kfy046
https://doi.org/10.1289/EHP14074
https://doi.org/10.3233/JAD-2011-111013
https://doi.org/10.1016/j.ecoenv.2024.116311
https://doi.org/10.1016/j.envint.2024.108971
https://doi.org/10.1016/j.envint.2024.108971
https://doi.org/10.1016/j.bbrc.2023.05.070
https://doi.org/10.1016/j.ecoenv.2021.113132
https://doi.org/10.1016/j.ecoenv.2021.113132


111. Yang, Y., Liu, Y., Zhang, A.-L., Tang, S.-F., Ming, Q., Ao, C.-Y., Liu, Y., Li, 

C.-Z., Yu, C., Zhao, H., et al. (2022). Curcumin protects against manga

nese-induced neurotoxicity in rat by regulating oxidative stress-related 

gene expression via H3K27 acetylation. Ecotoxicol. Environ. Saf. 236, 

113469. https://doi.org/10.1016/j.ecoenv.2022.113469.

112. Liu, Y., Zeng, J.-M., Zhao, H., Ao, C.-Y., Ao, L.-H., Ban, J.-Q., and Li, J. 

(2024). Mechanism of KAT2A regulation of H3K36ac in manganese- 

induced oxidative damage to mitochondria in the nervous system and 

intervention by curcumin. Ecotoxicol. Environ. Saf. 273, 116155. 

https://doi.org/10.1016/j.ecoenv.2024.116155.

113. Chen, Z., Ao, C., Liu, Y., Yang, Y., Liu, Y., Ming, Q., Li, C., Zhao, H., Ban, 

J., and Li, J. (2024). Manganese induces oxidative damage in the hippo

campus by regulating the expression of oxidative stress-related genes 

via modulation of H3K18 acetylation. Environ. Toxicol. 39, 2240–2253. 

https://doi.org/10.1002/tox.24102.

114. Liu, Y., Zhao, H., Yang, Y., Liu, Y., Ao, C.-Y., Zeng, J.-M., Ban, J.-Q., and 

Li, J. (2024). Mechanism by which HDAC3 regulates manganese induced 

H3K27ac in SH-SY5Y cells and intervention by curcumin. Arch. Biochem. 

Biophys. 752, 109878. https://doi.org/10.1016/j.abb.2023.109878.

115. Guo, Z., Zhang, Z., Wang, Q., Zhang, J., Wang, L., Zhang, Q., Li, H., and 

Wu, S. (2018). Manganese chloride induces histone acetylation changes 

in neuronal cells: Its role in manganese-induced damage. Neurotoxicol

ogy (Little Rock) 65, 255–263. https://doi.org/10.1016/j.neuro.2017. 

11.003.

116. Johnson, J., Pajarillo, E.A.B., Taka, E., Reams, R., Son, D.-S., Aschner, 

M., and Lee, E. (2018). Valproate and sodium butyrate attenuate manga

nese-decreased locomotor activity and astrocytic glutamate trans

porters expression in mice. Neurotoxicology (Little Rock) 64, 230–239. 

https://doi.org/10.1016/j.neuro.2017.06.007.

117. Johnson, J., Pajarillo, E., Karki, P., Kim, J., Son, D.-S., Aschner, M., and 

Lee, E. (2018). Valproic acid attenuates manganese-induced reduction in 

expression of GLT-1 and GLAST with concomitant changes in murine 

dopaminergic neurotoxicity. Neurotoxicology (Little Rock) 67, 112–120. 

https://doi.org/10.1016/j.neuro.2018.05.001.

118. Huang, M., Malovic, E., Ealy, A., Jin, H., Anantharam, V., Kanthasamy, A., 

and Kanthasamy, A.G. (2023). Microglial immune regulation by epige

netic reprogramming through histone H3K27 acetylation in neuroinflam

mation. Front. Immunol. 14, 1052925. https://doi.org/10.3389/fimmu. 

2023.1052925.

119. Wu, Y., Xu, Y., Huang, X., Ye, D., Han, M., and Wang, H.-L. (2018). Reg

ulatory Roles of Histone Deacetylases 1 and 2 in Pb-induced Neurotox

icity. Toxicol. Sci. 162, 688–701. https://doi.org/10.1093/toxsci/kfx294.

120. Gu, X., Huang, X., Li, D., Bi, N., Yu, X., and Wang, H.-L. (2020). Nuclear 

accumulation of histone deacetylase 4 (HDAC4) by PP1-mediated 

dephosphorylation exerts neurotoxicity in Pb-exposed neural cells. Neu

rotoxicology (Little Rock) 81, 395–405. https://doi.org/10.1016/j.neuro. 

2020.10.006.

121. Zhou, R., Zhao, J., Li, D., Chen, Y., Xiao, Y., Fan, A., Chen, X.-T., and 

Wang, H.-L. (2020). Combined exposure of lead and cadmium leads 

to the aggravated neurotoxicity through regulating the expression of his

tone deacetylase 2. Chemosphere 252, 126589. https://doi.org/10.1016/ 

j.chemosphere.2020.126589.

122. Li, Y., Liu, A., Chen, K., Li, L., Zhang, X., Zou, F., Zhang, X., and Meng, X. 

(2024). Sodium butyrate alleviates lead-induced neuroinflammation and 

improves cognitive and memory impairment through the ACSS2/ 

H3K9ac/BDNF pathway. Environ. Int. 184, 108479. https://doi.org/10. 

1016/j.envint.2024.108479.

123. Kim, N., Filipovic, D., Bhattacharya, S., and Cuddapah, S. (2024). Epige

netic toxicity of heavy metals − implications for embryonic stem cells. 

Environ. Int. 193, 109084. https://doi.org/10.1016/j.envint.2024.109084.

124. Wang, R., Liu, Y., Fan, L., Ma, N., Yan, Q., Chen, C., Wang, W., Ren, Z., 

Ning, X., Ku, T., and Sang, N. (2025). Ultrafine Particulate Matter Exacer

bates the Risk of Delayed Neural Differentiation: Modulation Role of 

METTL3-Mediated m6A Modification. Environ. Sci. Technol. 59, 2974– 

2986. https://doi.org/10.1021/acs.est.4c09310.

125. Caceres, L., Abogunloko, T., Malchow, S., Ehret, F., Merz, J., Li, X., Sol 

Mitre, L., Magnani, N., Tasat, D., Mwinyella, T., et al. (2024). Molecular 

mechanisms underlying NLRP3 inflammasome activation and IL-1β pro

duction in air pollution fine particulate matter (PM2.5)-primed macro

phages. Environ. Pollut. 341, 122997. https://doi.org/10.1016/j.envpol. 

2023.122997.

126. Li Puma, D.D., Colussi, C., Bandiera, B., Puliatti, G., Rinaudo, M., Cocco, 

S., Paciello, F., Re, A., Ripoli, C., De Chiara, G., et al. (2023). Interleukin 1β 
triggers synaptic and memory deficits in Herpes simplex virus type-1-in

fected mice by downregulating the expression of synaptic plasticity- 

related genes via the epigenetic MeCP2/HDAC4 complex. Cell. Mol. 

Life Sci. 80, 172. https://doi.org/10.1007/s00018-023-04817-5.

127. Monti, P., Iodice, S., Tarantini, L., Sacchi, F., Ferrari, L., Ruscica, M., 

Buoli, M., Vigna, L., Pesatori, A.C., and Bollati, V. (2021). Effects of PM 

Exposure on the Methylation of Clock Genes in a Population of Subjects 

with Overweight or Obesity. Int. J. Environ. Res. Public Health 18, 1122. 

https://doi.org/10.3390/IJERPH18031122.

128. Saveleva, L., Cervena, T., Mengoni, C., Sima, M., Krejcik, Z., Vrbova, K., 

Sikorova, J., Mussalo, L., de Crom, T.O.E., �Sı́mová, Z., et al. (2024). Tran
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