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Abstract

Particulate air pollution (PM) is a mixture of heterogenous components from natural and 

anthropogenic sources and contributes to a variety of serious illnesses, including neurological and 

behavioral effects, as well as millions of premature deaths. Ultrafine (PM0.1) and fine-size ambient 

particles (PM2.5) can enter the circulatory system and cross the blood–brain barrier or enter 

through the optic nerve, and then upregulate inflammatory markers and increase reactive oxygen 

species (ROS) in the brain. Toxic and neurotoxic metals such as manganese (Mn), zinc (Zn), lead 

(Pb), copper (Cu), nickel (Ni), and barium (Ba) can adsorb to the PM surface and potentially 

contribute to the neurotoxic effects associated with PM exposure. Epidemiological studies have 

shown a negative relationship between exposure to PM-associated Mn and neurodevelopment 

amongst children, as well as impaired dexterity in the elderly. Inhaled PM-associated Cu has also 

been shown to impair motor performance and alter basal ganglia in schoolchildren. This paper 

provides a brief review of the epidemiological and toxicological studies published over the last 

five years concerning inhaled PM, PM-relevant metals, neurobiology, and mental health outcomes. 

Given the growing interest in mental health and the fact that 91% of the world’s population is 

considered to be exposed to unhealthy air, more research on PM and PM-associated metals and 

neurological health is needed for future policy decisions and strategic interventions to prevent 

public harm.
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1. Introduction

Air pollution continues to pose a global environmental health risk that affects both 

the development and worsening of many health issues including cardiovascular disease, 

pulmonary illnesses, cancer, and central nervous system disorders [1]. According to the 2017 

Global Burden of Disease Study, 4.9 million deaths and 1.4 billion disability-adjusted life 

years (DALYs) in 2017 were attributed to air pollution [1,2]. Previous mechanistic studies 

have reported that inhalation of air pollutants can provoke neuro-inflammation, oxidative 

stress, and dopaminergic neurotoxicity [2]. Particulate air pollution, composed mainly 

of organic and elemental carbon, metals, polycyclic aromatic hydrocarbons, inorganic 

compounds, nitrates, sulfates, and other organic materials (like polychlorinated biphenyls 

from industrial manufacturing), is a major component of air pollution and is of great 

research interest due to its well-documented associations with serious short- and long-term 

adverse health effects [1,3–7]. Particulate matter (PM) can be denoted by size and ranges 

from 10 μm to less than 0.1 μm in size. Fine PM particles (PM2.5) are between 2.5 and 0.1 

μm in diameter, while ultrafine particles (UFP) are less than 0.1 μm in diameter (PM0.1) 

[6–9]. Major sources of PM include combustion of fossil fuels, traffic, and industrial and 

agricultural processes [1,4].

1.1. PM Distribution to the Brain

Particulate matter can enter the body through multiple routes of exposure including 

inhalation and ingestion [10]; the smaller the particle, the longer it can remain in the lungs 

[11]. Ultrafine particles in the lung act like gas molecules and can reach the circulatory 

system and potentially cross the blood–brain barrier [8,9,11–13]. Previous research studies 

also suggest that inhaled PM2.5 reaches the brain [11]. Fine and ultrafine PM can reach the 

brain through multiple pathways once it enters into the circulatory system [1,12]. Ultrafine 

particles (PM0.1) can pass through the blood–brain barrier, reach the vagal nerves, and 

enter the brain [1]. Alternatively, PM can bypass the blood–brain barrier by entering the 

brain via the olfactory bulb and fifth cranial nerve from direct inhalation through the nose 

[1,12]. The fact that fine and ultrafine PM can be transported directly through the olfactory 

pathway to the brain has been previously confirmed by the presence of particles in olfactory 

neurons and intracellular erythrocytes in the frontal lobe of the brain [12]. The presence 

of PM2.5 in the brain has been shown to cause cell cycle arrest, apoptosis of neurons, neuro-

inflammation, induce oxidative stress and genetic damage leading to neurodegenerative 

changes and dopaminergic neurotoxicity, as well as structural damage to the myelin sheath 

[2,6,12,14–16].

1.2. PM Constituents

Particulate matter is a mixture of chemical compounds that can include inorganic and 

organic materials, as well as nitrates and sulfates [1,3,4,6]. The surface of ambient PM, 

particularly PM2.5, can carry viruses, bacteria, volatile organic compounds (VOCs), and 

heavy metals by adsorbing to the surface of the particle [6,7,10,13]. A number of studies 

have demonstrated high levels of adsorbed toxic heavy metals coming from both natural 

and anthropogenic sources that can adversely affect human health [3,10,11]. The types and 
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concentrations of metals adsorbed to PM varies depending on the source and environment, 

but can range in concentration from 30 to 35 μg/m3 [17].

PM-associated heavy metals, including manganese (Mn), zinc (Zn), iron (Fe), cadmium 

(Cd), copper (Cu), arsenic (As), barium (Ba), lead (Pb), aluminum (Al), and nickel 

(Ni), are often significant metal components of PM2.5 [10,18,19]; previous studies have 

reported Mn, Ba, Ni, Fe, and Cu triggering inflammatory responses after exposure [4,18]. 

Maternal exposure during pregnancy to Mn, Ni, Pb, or Fe has previously been associated 

with increased risk of childhood autism, and exposure of pregnant mice to Mn has 

been linked with an acute inflammatory response resulting in neurotoxicity during fetal 

neurodevelopment [4,6,16,20]. Developmental Pb exposure has also been reported to be 

linked with schizophrenia due to antagonism of N-methyl-D-aspartate (NMDA) subtype of 

glutamate receptors (NMDAR); antagonism of NMDAR receptors can lead to decreased 

function, which could also play a role in the pathophysiology of schizophrenia [1]. Recent 

studies reported that the presence of PM and associated metals, Fe and Al, in the corpus 

callosum is associated with structural myelin sheath damage, which indicates that exposure 

to PM and associated heavy metals can disturb myelinogenesis [6,13,15,16].

1.3. PM Sources

Traffic emissions are a major source of heavy metal pollution in the ambient environment 

due to increased vehicle use and traffic congestion [9,19]. For example, automobile 

emissions release a number of heavy metals into the ambient environment including Cu, 

Zn, Cd, As, mercury (Hg), Mn, cobalt (Co), and Fe [10,21]. In addition, both Cu and Zn 

can be released into the air from tire abrasion, lubricants, and corrosion of vehicular parts, 

while Cd contamination arises from aging automobile tires, gasoline use, and car body and 

brake lining wear [19,21]. Industrial activity also contributes to particle-bound heavy metal 

air pollution, along with power plants, mining, metal smelting, and chemical plants [10,19]. 

Other sources of PM-associated heavy metal pollution originate from construction activity 

through building demolition and renovation, the spraying of pesticides and fungicides, as 

well as residential and commercial heating [10,19].

1.4. Air Pollution and Mental Health

Recently, studies have emerged that demonstrate the adverse effects of air pollution, either 

gases, particles, or a combination of both, on mental health [2]. The risk of psychosis has 

been linked to both genetic and environmental factors with increasing evidence that the 

environment can play a large part in influencing genetic effects through gene-environment 

interactions and epigenetic mechanisms [1]. Epidemiological studies reported that both 

short- and long-term exposure to PM2.5 were associated with greater odds of depression; 

the same relationship was not observed with inhalation of larger size particulate matter 

(PM10) [2]. There is also a reported relationship between urbanicity of birthplace/upbringing 

and a higher incidence of schizophrenia and other non-affective psychoses [1]. One of the 

speculated risk factors that could partially explain this association is exposure to particulate/

gaseous air pollutants, which represents an underlying urbanicity risk factor [1]. Inhalation 

exposure to PM2.5 can also influence central nervous system development, resulting in an 

Potter et al. Page 3

Atmosphere (Basel). Author manuscript; available in PMC 2023 December 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increased risk of later life depression, as well as influence cognitive disorders and create 

abnormalities in the architecture of brain white matter during childhood [7,12,20].

This contemporary review will focus on recent toxicological and epidemiological research 

over the last five years (2015–present) that considered the association between PM, 

particularly PM2.5, and selected soluble metals that have been shown in the literature to 

be associated with ambient PM and neurological/neurodevelopmental health outcomes. The 

toxicological studies reviewed herein focus on the association between fine and ultrafine PM 

exposure and neurological health effects. Review of these studies will help bring awareness 

to this well-deserved, but understudied, area of research, as well as reveal research gaps that 

need to be addressed to protect highly exposed individuals.

2. Methods

Review of the literature for this review took place during May–June 2020 and reputable 

databases including PubMed, Google Scholar, and Web of Science, were used to search 

for relevant literature. Search terms included various combinations of the following key 

words and phrases: “particulate matter”, “PM”, “particulate matter metals”, “ambient 

metals”, “brain”, “neurotoxicity”, “mental health”, “air pollution”, “metal inhalation”, 

“nanoparticles”, “heavy metal neurotoxicity in vivo”, “heavy metal neurotoxicity in vitro”, 

“PM2.5 neurotoxicity in animal models”, “PM2.5 and oxidative stress in mouse brains”, 

and “inhaled PM2.5 and neurotoxicity”. Specific heavy metals that have been reported 

to be associated with particulate matter and neurotoxicity were also added to searches 

including (but, not limited to) “cadmium”, “nickel”, “zinc”, “manganese”, “copper”, and 

“lead”. Eligibility criteria involved recent publication year, particularly publications within 

the last five years. Toxicological and epidemiological studies that focused particularly on 

fine and ultra-fine PM and associated ambient metals, were preferred, as well as full-text 

publications. Geographical location of studies was not taken into account. Exclusion criteria 

included the study year of publication, studies that were not fully available online, and 

studies examining general air pollution exposure without going into detail of constituents.

Rationale for this review paper is to assess recent research examining the association 

between inhalation exposure to PM and associated metals and brain health.

3. PM and Mental Health: Epidemiological Studies

A large body of epidemiological literature has recently explored the association between 

exposure to airborne PM and adverse neurological outcomes [22–26]. Other investigators 

have studied neurological outcomes based on exposure to heavy metals, but without a 

specified exposure route [27–32]. However, only a select few studies have examined the 

relationship between inhalation exposure to PM component metals and neurological health. 

Given the link emerging between inhaled PM and its metal constituents and neurological 

health, this section will review recent information in this area to help delineate research 

pathways (Table 1).

Several researchers have studied the association between airborne Mn exposure and 

neurodevelopmental outcomes among children [33]. A 2018 cross-sectional study found a 
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significant negative association between airborne Mn exposure and Full Scale IQ (β = −1.91, 

p < 0.05; β and p refer to the regression coefficient and statistical significance, respectively) 

among 106 children ages seven to nine living in East Liverpool, Ohio, which hosts both a 

hazardous waste incinerator and a Mn processor [34]. These results build upon the authors’ 

earlier study in 2015 examining children ages seven to nine in Cambridge and Marietta, 

Ohio, which houses the longest operating ferromanganese refinery in the US [35]. In another 

cross-sectional study of 225 children ages seven to twelve in Simões Filho, Brazil, the 

association between exposure to both Mn and Pb in dust and intellectual deficiencies was 

examined [36]. The authors not only showed that an 8.6 point drop in IQ was significantly 

associated with a ten-fold increase in blood Pb levels (BLL), but also that this association 

was increased by 27.9% among those children with high levels of toenail Mn (β = −8.70, 

p = 0.036). These studies jointly demonstrate that childhood exposure to Mn and/or Pb, 

associated with inhaled PM emitted from industrial sources, is associated with reduced 

cognitive function and intellectual abilities.

At the other end of the life course, Pesch et al. (2017) studied occupational exposure to 

Mn and fine motor skills among 1232 former male welders or steel workers in the German 

cities of Buchom, Essen, and Mülheim. The researchers demonstrated that cumulative Mn 

inhalation exposure was associated with impaired dexterity measured by errors in line 

tracing, steadiness, and/or aiming and tapping hits [37]. Contrary to other researchers’ 

findings, a 2019 study by Palzes et al. that examined 48 farmworkers in Zarcero County, 

Puerto Rico found no association between inhalation exposure to Mn-associated ethylene 

bisdithiocarbamate fungicide and working memory brain activity [38]. These differences 

could be due to the small sample size in the Palzes et al. study. Further research is needed 

to better understand the effects of airborne Mn exposure on older adults’ neurological health, 

especially those with extended occupational exposure.

Airborne exposure to PM-associated metals other than Mn or Pb have also been shown to be 

associated with poor neurological outcomes. For example, Pujol et al. (2016) examined the 

association between indoor and outdoor exposure to airborne Cu in Barcelona schools and 

impaired motor performance and altered basal ganglia in children ages eight through twelve. 

The authors demonstrated that greater ambient Cu exposure was significantly associated 

with both poorer motor performance based on speed (β = 2.2, p = 0.006) and consistency (β 
= 2.9, p < 0.00001) of reaction times, as well as altered basal ganglia structures [39].

Two recent studies, one by Lubczyńska et al. (2020) and the other by Liu et al. (2018) 

examined inhaled ambient metals and neurological health in the context of exposure to 

PM. A 2020 longitudinal study by Lubczyńska et al. of 2954 children in the Netherlands 

evaluated inhalation exposure of PM at different sizes and its components throughout 

pregnancy and childhood, as well as their association with white matter microstructure 

in pre-adolescents. The authors reported that a 5 μg/m3 increase in PM2.5 exposure 

during pregnancy was significantly associated with a −0.71 unit decrease in children’s 

fractional anisotropy, a measure of connectivity in the brain (p < 0.05). A 100 ng/m3 

increase in prenatal elemental silicon exposure was also significantly associated with a 

0.06 unit increase in mean diffusivity (p < 0.05). In addition, a 10 ng/m3 increase in Zn 

exposure during childhood was significantly associated with a 0.03 unit increase in mean 
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diffusivity (p < 0.05). Both low fractional anisotropy and high mean diffusivity are indicative 

of unhealthy brain development and potential psychiatric disorders [24]. A randomized 

crossover trial conducted by Liu et al. (2018), of 53 healthy, non-smoking Canadian men and 

women exposed to urban coarse (>PM10) or concentrated ambient PM0.1, demonstrated that 

ubiquitin

C-terminal hydrolase L1 (UCHL1), a biomarker for traumatic brain injury, increased 11% 

(95% CI: 1.2%, 21%) and 14% (95% CI: 0.3%, 29%) one and twenty-one hours post-

exposure to Ba, respectively. The authors also reported that vanillylmandelic acid, a urinary 

neural biomarker often used to diagnose neuroblastoma, increased 29% (95% CI: 3%, 54%) 

one-hour post-exposure to Al [18]. These findings on anatomic brain alterations support 

other results demonstrating associations between inhaled metal exposure and adverse 

neurological outcomes [18,24]. However, whether exposure to these heavy metals that are 

known to have neurological effects continue to have similar effects when they become 

associated with PM, still requires further research.

In conclusion, the reviewed epidemiological studies have revealed: links between ambient 

metal exposure and intellectual deficiencies; declines in motor performance; alterations in 

brain development; and changes in specific neural biomarkers associated with brain injury. 

However, major gaps still exist in understanding the relationship between neurotoxicity and 

exposure to ambient PM and its associated metals, as very few epidemiological studies focus 

on inhaled ambient metal exposure associated with PM.

4. PM and Mental Health: Toxicology Studies

The paucity of research addressing the toxicological and molecular mechanisms of inhaled 

heavy metals associated with PM and their correlation to brain health makes it difficult 

to reach definitive conclusions. Much of the research on inhaled heavy metals, PM, and 

health effects on the brain focuses primarily on epidemiological associations and less 

on potential causative mechanisms. One issue in this regard is the difficulty involved in 

separating specific constituents from a heterogenous mixture of compounds to investigate 

causal relationships. This section will cover a number of recent toxicological studies (2015 

to present) in order to attempt to delineate the association between PM exposure and 

neurotoxicity (Table 2).

Many studies that address the impact of inhaled PM on the brain and/or mental health use 

animal models. In an investigation by Ning et al. (2018), mice at different developmental 

stages (four weeks, four months, or ten months of age) were exposed to PM2.5 (3 mg/kg) 

by inhalation every other day for a total of four weeks to examine potential deterioration 

of spatial learning and memory directly or indirectly related to the hippocampal metabolic 

region. The findings from this study demonstrate that exposed four-week-old mice had 

impaired spatial and learning memory [40]. The investigators also examined metabolic 

changes related to energy, cholesterol, and aspartic acid in hippocampal tissues of the 

juvenile mice [40]. Additionally, inhalation of PM2.5 has recently been suggested to be 

linked with gut microbial alterations, leading to worsening of Alzheimer’s disease (AD) 

in AD-prone mice [41]. To test this hypothesis, Fu et al. (2020) examined the relationship 
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between inhaled PM2.5-induced microbial gut alterations and AD. After eight weeks of 

exposure to PM2.5 at 61 μg/m3 (which represented 80% of the atmospheric concentration 

of 87 μg/m3) AD-mice had increased pro-inflammatory cytokine concentrations (i.e., tumor 

necrosis factor-alpha [TNF-a] and interleukin [IL-6]) in the brain and intestines alongside 

altered microbial diversity in the intestine and feces compared to two control groups (AD-

mice and B6 mice exposed to filtered air) [41]. Coupled with other previous studies, Fu et 

al. (2020) concluded that inhalation exposure to PM2.5 could intensify inflammation in the 

brain and intestines, as well as alter microbial diversity in mice with ongoing AD.

Studies have shown that inhalation of PM upregulates inflammatory markers in certain brain 

regions. As inflammation is a major mechanism underlying neurodegenerative diseases 

[1,2,7,8,12,14,40–44], it is worthwhile to address the mechanisms behind the disease 

etiology. Researchers have assessed the activation of NF-κB—an important transcription 

factor in pro-inflammatory responses—and compared it to lipid peroxidation and nitric 

oxide (NO) production in cell-based systems [42]. In a study conducted by Zhang et al. 

(2019), exposure to urban-based ambient PM produced alterations in NF-κB activation. Of 

the three biological responses assessed in this study, NF-κB activation in vitro was most 

highly correlated with in vivo neurotoxic responses, whereas lipid peroxidation and NO 

production had little correlation in vitro to in vivo neurotoxic responses [42]. These studies 

suggest that NF-κB may be linked to PM-induced neurotoxicity in vivo.

A study by Liu et al. (2019) addressed PM2.5-induced development of neurodegenerative 

diseases, as well as potential mechanisms underlying the observed effects. Results of this 

inhalation study demonstrated that exposed mice had a reduction in escape latency (EL) 

after five days, as well as the presence of protein aggregates in the cerebral cortex of 

exposed mice and neuronal accumulation of amyloid beta (Aβ)1–42 [43]. There was also 

a significant increase in the levels of reactive oxygen species (ROS) seen in all groups of 

exposed mice compared to the control [43]. Moreover, exposure to 19.3 mg PM2.5/kg/day 

dramatically increased malondialdehyde (MDA) levels in the mouse brain [43]. Conversely, 

brain-associated glutathione (GSH) content in mice exposed to either 1.93 mg PM2.5/kg/day 

or 19.3 mg PM2.5/kg/day decreased significantly [43]. A decrease was also observed in 

brain-associated superoxide dismutase (SOD) levels [43]. Moreover, gene expression of 

NF-κB, TNF-α, and IL-1β increased significantly in mice exposed to 19.3 mg PM2.5/kg/day 

compared to the control group [43]. Inhalation exposure of PM2.5 has also been reported 

to alter brain inflammation, which appears to enhance AD progression mainly through 

β-secretase 1 (BACE1) activation catalyzed by β-site amyloid precursor protein (APP) 

[44]. In a study by Ku et al. (2017), mice received PM2.5 via oropharyngeal aspiration at 

doses of either 1 or 5 mg/kg every other day for four weeks to address the hypothesis 

that PM inhalation promotes BACE1 and γ-secretase leading to antibody synthesis and, 

in turn, synaptic and cognitive impairment [44]. Results of this study demonstrated that 

PM2.5-induced expressions of APP and BACE1 increased following pulmonary aspiration of 

PM2.5 at 5 mg/kg compared to aspiration of PM2.5 at a five-fold lower dose (1 mg/kg) [44]. 

The aforementioned results again show a positive relationship between AD progression and 

inhalation of PM2.5.
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In a separate study, Li et al. (2018) explored the effects that PM2.5 had on neurotoxicity and 

behavioral and neurotransmitter changes in rats. Sprague–Dawley male rats were randomly 

assigned to different PM dose groups including 0 (control), 5 mg/kg, 10 mg/kg or 20 

mg/kg per week and exposed for up to 12 weeks by tracheal perfusion [45]. This study 

revealed that rats treated with 10 mg/kg PM2.5/week and 20 mg/kg/week had significantly 

higher levels of hippocampal Mn tissue content compared to those age-matched rats in the 

control group [45]. Additionally, this study demonstrated that exposure to PM2.5 decreased 

spatial cognition, as well as exploratory behavior abilities at a significant rate compared 

to control rats [45]. Likewise, in another study, perinatal exposure of mice to concentrated 

PM2.5 (135.8 ± 13.2 5 μg/m3) was related to an autism spectrum disorder (ASD)-like 

phenotype in a sex-dependent manner; male mice had more severe behavioral deficits 

compared to exposure-matched female mice [4]. Taken together, these rodent studies suggest 

a correlation between PM2.5 exposure and neurocognitive alterations.

Taken together, these toxicological studies demonstrate that, ambient exposure to PM2.5 has 

been linked to: deterioration in cognitive function; changes in brain metabolism; and an 

increase in neural inflammation in animal models. However, more research investigating the 

underlying mechanisms explaining the relationship between PM and their associated metal 

constituents and neurotoxicity, is needed.

5. Conclusions

In 2018, the World Health Organization (WHO) considered 91% of the world’s population 

to be exposed to unhealthy air (PM2.5 air quality guideline value for the PM2.5 annual 

average concentration is 10 μg/m3) [46]. By 2050, 68% of the world’s population is 

expected to be living in urban areas, and may therefore be exposed continuously to 

unhealthy air pollution levels [14]. As particulate air pollution continues to pose health 

risks throughout the world [46], and published studies in both humans and animal models 

have demonstrated a negative association between airborne metal inhalation and brain 

health, including neurodevelopmental outcomes, motor performance, spatial learning and 

memory, and alterations in brain structure and chemistry, more research studies are needed 

in this relatively unexplored scientific field. In addition, children and fetuses appear to be 

a particularly susceptible population to these exposures as their brains are still developing 

[4,6,13,15,25].

Mental health disorders such as dementia, depression, schizophrenia, and other forms of 

psychoses are critical health issues that need to be better understood, particularly given the 

large number of individuals throughout the world who suffer from such illnesses. Research 

that aids in a better understanding of potential risk factors, such as particulate air pollution 

and inhaled metals that contribute to neurological dysfunction and impaired mental health 

is critical for developing and administering appropriate treatments. This is especially true 

as neurodegenerative diseases increase as the population ages and life expectancies are 

extended [14]. The number of people predicted to live with dementia in the next 30 years 

is expected to triple and there are still no available curative treatments [14]. Thus, to 

better understand how particulate air pollution exposure and its constituents, in particular, 

are involved in the pathophysiology of brain health and various mental health disorders, 

Potter et al. Page 8

Atmosphere (Basel). Author manuscript; available in PMC 2023 December 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



scientists and policy-makers need to step up to confirm this understudied area of research as 

a priority to protect human health.

6. Gaps in Literature and Future Directions

The intersection of inhaled ambient PM and PM-associated metals with neurobiology and 

mental health is a relatively new field. As such, there are many untapped areas of research, 

including the molecular and cellular mechanisms underlying PM and the PM-associated 

metal-induced development and escalation of neurological diseases. Most epidemiological 

and toxicological investigations in this area focus on the effects of PM in its entirety, rather 

than explore the relationship between PM-associated constituents and neurological health.

Looking at the present and towards the future, another source of exposure to PM-associated 

metals are electronic cigarette aerosols. However, except for a recent paper by Church et 

al. (2020), data on the effects of e-cigarette aerosol-associated metals on mental health 

outcomes are extremely limited. Another important source of PM-associated metals to 

consider is the use of metal-based nanoparticles in a variety of industries and medicines, 

which could also lead to important brain health issues in the future [47–49]. With 

limited knowledge of neurobiology and mental health effects of inhaled metals via particle 

pollution, it is difficult to adequately protect vulnerable populations such as children, 

pregnant women, marginalized populations, and the elderly from additional health risks 

not previously recognized.
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Table 1.

Summary of epidemiological studies on particulate matter (PM) and associated metals and their effects on 

brain health.

Study Study Design Inhalation Exposure Results

Haynes et al., 2018
Expansion of Communities Actively 

Researching Exposure (CARES) cohort 
(n = 106; East Liverpool Ohio, US)

Mn Exposure negatively associated with Full 
Scale IQ measurements among children

Haynes et al., 2015 Expansion of CARES cohort (n = 404; 
East Liverpool Ohio, US) Mn Exposure negatively associated with Full 

Scale IQ measurements among children

Menezes-Filho et al., 
2018

Cross-sectional study (n = 225; Simões 
Filho, Bahia, Brazil) Mn and Pb Exposure associated with intellectual 

deficiencies (IQ)

Pesch et al., 2017
Second follow up survey of Heinz 

Nixdorf Recall Study (HNRS) cohort (n 
= 1232; Germany)

Mn Exposure associated with impaired dexterity

Palzes et al., 2019 Cross-sectional (n = 48; Zarcero County, 
Costa Rica)

Mn-associated 
fungicide

Exposure not associated with changes in 
working memory

Pujol et al., 2016 BREATHE Project cohort (n = 2836; 
Barcelona, Spain) Cu

Exposure associated with impaired motor 
performance and altered basal ganglia in 

children

Lubczyńska et al., 
2020

Generation R cohort (n = 2954; 
Rotterdam, Netherlands)

Various sizes of 
PM (including PM2.5) 
and metal constituents 
(including Si and Zn)

PM2.5 exposure associated with decrease in 
children’s fractional anisotropy

Si exposure associated with increase in mean 
diffusivity

Zn exposure associated with increase in mean 
diffusivity

Liu et al., 2018 Single-blind randomized cross-over trial 
(n = 53; Toronto, Canada)

Urban coarse ambient 
PM (>PM10);

Concentrated ambient 
PM (PM0.1);

Related metals (Al, Ba)

Ba exposure associated with increase in 
ubiquitin C-terminal hydrolase L1

Al exposure associated with increased 
urinary neural marker vanillylmandelic acid
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Table 2.

Summary of toxicological studies on particulate matter (PM2.5) and associated metals and their effects on 

brain health.

Study Research Model Route of 
Exposure

PM2.5 Treatments Results

Ning et al., 
2018

C57BL/6 mice at 4 wk, 4 
mo, 10 mo (n = 8–10 mice/

group)

Oropharyngeal 
aspiration

3 mg/kg every other day for 4 
wk; saline (control)

Exposed mice showed deterioration 
of spatial learning and memory

Fu et al., 
2020

APP/PS1 double transgenic 
AD-mice; littermate B6 mice 

(n = 5 mice/group)

Inhalation via 
exposure chambers

61 μg/kg for 8 wk; filtered air 
(control)

Exposed mice with AD showed 
increase in inflammation in brain and 

intestines

Zhang et 
al., 2019

in vitro: THP1- Blue NF-κB 
human monocytes; BV-2 cell 

lines (n = 4)
in vivo: C57BL/6NJ male 
mice (n = 10 mice/group)

in vitro: PM 
treatment

in vivo: inhalation 
nebulizers

in vivo: re-aerosolized exposure 
for 3- or 8-wks; filtered air 

(control)

Exposure produced alterations in NF-
κB

Liu et al., 
2019

C57BL/6J male mice (n = 10 
mice/group)

Intranasal 
instillation

Two rounds of exposure to 
various concentrations daily 
for 7 days (vitamin E added 
to second round); filtered air 

(control)

Exposed mice experienced reduction 
in escape latency; presence of 

protein aggregates in cerebral cortex; 
neuronal accumulation of amyloid 

beta1–42; increase in reactive oxygen 
species (ROS); increase in brain 

levels of malondialdehyde; decrease 
in

Ku et al., 
2017

C57BL/6 male mice (n = 
13–14 mice/group)

Oropharyngeal 
aspiration

1 and 5 mg/kg every other day 
for 4-wks; saline (control)

brain-associated glutathione content 
and superoxide dismutase; increase in 

NF-κB, IL-1β and TNF-α
Exposed mice experienced induced 

expression of amyloid precursor 
protein and β-secretase 1

Li et al., 
2018

Sprague-Dawley male rats (n 
= 8 rats/group)

Tracheal perfusion 
of solutions

5,10, 20 mL/kg solution once a 
week for up to 12-wks; saline 

(control)

Exposed mice experienced elevated 
levels of manganese in hippocampal 
tissue compared to control; decrease 
in spatial cognition and exploratory 

behaviors

Church et 
al., 2018

B6C3F1 pregnant female 
mice and offspring (n = 
26 control mice; n = 31 

exposure mice)

Inhalation via 
exposure chamber

Peri-natal (135.8 μg/m3;
6 hr/d 7 d/wk) post-natal (135.8 
μg/m3; 2 hr/d 7 d/wk); filtered 

air (control)

Exposed mice exhibited an autism 
spectrum-like phenotype in a sex-

dependent manner
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