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Air pollution R

ABSTRACT: Air pollution is increasingly recognized as a significant health risk, yet our

understanding of its underlying chemical and physiological mechanisms remains incomplete. cm""""i’ . ’{%(«»
Fine particulate matter (PM, 5) and ozone (Oj5) interact with biomolecules in intracellular and P 7o F
microenvironments, such as the epithelial lining fluid (ELF), leading to the generation of i P L4
reactive oxygen species (ROS). These ROS trigger cellular inflammatory responses and ™" &
oxidative stress, contributing to a spectrum of diseases affecting the respiratory, cardiovascular,
and central nervous systems. Extensive epidemiological and toxicological research highlights A § ¢
the pivotal role of ROS in air pollution-related diseases. It is crucial to comprehend the
intricate chemical processes and accompanying physiological effects of ROS from air
pollutants. This review aims to systematically summarize ROS generation mechanisms in the &
ELF and measurement techniques of oxidative potential (OP), taking the kinetic reactions of

ROS cycling in the ELF as an example, and discusses the general health implications of ROS in
respiratory, cardiovascular, and central nervous systems. Understanding these processes

through interdisciplinary research is essential to develop effective and precise strategies as well as air quality standards to mitigate the
public health impacts of air pollution globally.

KEYWORDS: Air Pollution, ROS, Multiphase Chemical, ELF, Health Effects

Air pollution
2 ;1 "4 chemical reactions?_spices?

1. INTRODUCTION PM, s components, such as reactive secondary organic matter
or transition metal ions (TMIs) initiate the generation of ROS
through complex redox reactions. Common types of ROS
include superoxide radicals (O,”), hydroxyl radicals (OH),
singlet oxygen ('0,), hydroperoxyl radicals (HO,), and
hydrogen peroxide (H,0,).” Additionally, organic radicals
such as R, RO, and RO, can also induce oxidative stress and
have longer lifetimes compared to other ROS."” Oj can also
contribute to ROS production by reacting with antioxidants or
surfactants present on cell surfaces, potentially damaging cell
membranes.” Excessive ROS levels within the ELF disrupt
surfactant molecules on cell membranes, allowing ROS to
penetrate into the aqueous phase (cytoplasm). These processes
trigger cellular inflammation, oxidative stress, and subsequent
lung injury. Furthermore, these effects can extend beyond the
respiratory system, impacting cardiovascular, central nervous,

Air pollution, a critical factor that profoundly impacts human
health, has become a globally significant research focus. Among
all pollutants, PM, 5 and O; are recognized as particularly
harmful."> Epidemiological studies have indicated a significant
increase in mortality due to PM, 5 and Oj exposure.” However,
the interactions and toxicity of these species remain unclear.

Air pollutants enter the lungs through the respiratory tract,
encountering the epithelial lining fluid (ELF) that covers the
respiratory tract surfaces. The ELF is composed of a complex
mixture, including phospholipids, proteins, antioxidants, and
other substances. The lower layer of the ELF consists of a
mucus gel phase and an aqueous sol phase. Specifically, the
mucus gel phase can capture microorganisms and large
particles, while the aqueous sol phase surrounds the lining
epithelial cells, including a large number of biological
antioxidants between them.® Therefore, when airborne

pollutants deposit at the air—liquid interface, they react with Received:  August 11, 2024 Sy
various components in the ELF. The resulting products then Revised:  September 25, 2024
diffuse downward into the epithelial cells, undergoing complex Accepted:  September 26, 2024

multiphase chemical processes.”” Particularly, pollutants such Published: October 21, 2024

as PM, g, due to their small particle size, and Oj, with its low
water solubility, tend to deposit in the ELF.”” Within the ELF,
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or even reproductive systems through various physiological
processes.u’12

Although numerous in vitro and in vivo studies have explored
the effects of ROS on health, there remains a lack of clarity
regarding the chemical and biological processes of air
pollutants in intracellular and microenvironments. This
limitation has often prevented studies from fully simulating
the multiphase chemical interactions occurring in both the gas
phase (air pollution) and the liquid phase (cellular environ-
ment).”'*"* To gain a deeper understanding of the multiphase
chemical reaction processes of environmental pollutants, this
review systematically summarizes the generation mechanism of
ROS in the ELF and the various methods used to measure the
induction of ROS. It also delves into the complex kinetic
modeling of ROS cycling within the ELF. Furthermore, this
review provides an overview of how ROS contribute to disease
pathology and proposes future interdisciplinary studies which
would integrate atmospheric chemistry with toxicology,
epidemiology, and biomedicine to enhance our understanding
of how environmental pollutants interact with biological
systems, particularly focusing on the role of ROS in mediating
health effects.

2. MULTIPHASE CHEMICAL PROCESSES OF PM, 5
AND O; IN PULMONARY EPITHELIAL LINING
FLUID

The importance of the substantial risk of ROS to health has
driven extensive research into their generation, cycling
mechanisms, and methods of precise and quantitative
detection.”'® In the field of environmental health, acellular
measurements are commonly utilized to quantitatively assess
ROS production rates induced by air pollutants. This approach
facilitates studies on the relationship between air pollutants
and their associated health effects.'”'®

2.1. Generation Mechanism of ROS within ELF

When PM, and Oj; are inhaled and deposited in the ELF,
these air pollutants undergo complex redox reactions, leading
to the production of ROS."”™*' PM, 5 contains various redox-
active substances, such as TMI, quinones, secondary organic
aerosols (SOAs), humic-like substances (HULIS), and other
components,”>~>* which interact with antioxidants in the ELF
and generate ROS.”>*® Specifically, TMI and quinones in
PM,s can generate O, by reacting with molecular oxygen
(0,).”” Involvement of iron and copper ions can lead to
Fenton-type reactions, producing OH.*%* Furthermore,
antioxidants can react with TMI or quinones to form reduced
metal ions or semiquinones. TMI and quinones can further
react with O, to form H,0, and regenerate superoxide
radicals.*® Additionally, HULIS, a term encompassing complex
organic matter in atmospheric aerosols with diverse functional
groups to include groups chelated to transition metals, is
potentially involved in redox cycling.>’ Oj, on the other hand,
is highly oxidizing and causes oxidative stress. It reacts with
antioxidants such as ascorbic acid (AA), uric acid (UA), and
glutathione (GSH) to form secondary oxidation products, and
its decomposition on surfactant lipids can also produce
H,0,°*** O; can also oxidize lipids on cell membranes,
leading to lipid peroxidation.’® It is important to note that
these chemical reactions within the ELF are complex and
involve multiple oxidative pathways, contributing to oxidative
stress and potential damage to lung tissues.

2.2, Assays for Measuring Oxidative Potential

Oxidative potential (OP) is used to define ROS produced by
the reaction between inhaled particulate matter (PM) and
antioxidants, and acellular measurements have been performed
by in vitro simulated ELF (sELF).>*~* The sELF contains
antioxidants (AA, UA, and GSH), inorganic salts and radical-
capturing probes, metal-binding proteins, and lipids.*”* ™ In
simulated lung fluid (SLF), the oxidative potential of air
pollutants can be detected with numerous methods.'”** Here,
we summarize the current major OP measurement assays in
Table 1. These methods are elaborated in more detail below.

Table 1. Methods for Measuring Oxidative Potential of
PM, 5

measurement end
assay target molecule point

depletion of  lung lining fluid urate (UA) %UA depleted after
antioxidant assay 4h

glutathione (GSH)  %GSH depleted
after 4 h

%AA depleted after
4h

rate of DTT deple-
tion over 1 h

ascorbate (AA)

dichlorofluorescin dichlorofluorescin
assay (DTT)

trapping hy-  electron spin reso- hydrogen peroxide OH generation in

droxy radi- nance (ESR) (H,0,) the presence of
cal spectroscopy H,0,
chemical re-  hydroxyl radical disodium terephtha-  Reaction with TPT
action (OH) assay late (TPT) after 4 h
H,0, assay horseradish peroxi-  reaction with

dase horseradish per-
oxidase after 4 h

2.2.1. Lung Lining Fluid Assay. The ELF serves as the
primary protection barrier against air pollutants entering the
body through the respiratory tract.”” Within this fluid, GSH
reacts with reactive species (such as quinones, Cu®*, Fe’*) in
PM,;, generating thiyl radicals (GS:) that further form
glutathione radical disulfide anions (GSSG™), leading to the
production of O, radicals and GSSH. This method is cost-
effective and health-oriented, commonly employed to
determine the oxidative potential (OP) of aluminum (Al),
iron (Fe), and lead (Pb).*® AA, characterized by its enediol
and lactone ring structure, acts as a reducing agent reacting
with oxidative substances in PM, to form ROS and
dehydroascorbic acid.*” AA is ideal for low-cost, automated
measurements. It is often used to evaluate particle sizes ranging
from 3.2 to 5.6 pum, which are sensitive to ROS production
catalyzed by TML***’ UA reacts with oxidative substances in
PM, to produce H,0, and 5-hydroxyisourate acid.”® These
measurements estimate the OP of air gollutants by calculating
the rate of antioxidant consumption.”

Shahpoury et al. utilized this method to conduct experi-
ments, demonstrating that the consumption rate of AA
increased linearly with PM concentrations ranging from 25
to 100 ug mL~". The PM concentration influenced the linear
range of AA; for instance, at a concentration of 50 ug mL™,
the linear range of AA decreased to 180 min, and at the highest
concentration of 100 ug mL™, it further decreased to 120 min.
Below concentrations of 100 g mL™", the consumption rate of
GSH exhibited a nonlinear dose—response relationship.'” This
suggests that the consumption rate of antioxidants correlates
with both PM concentration and reaction time, and various
measurement environments can influence OP. UA acted as a
potent ROS scavenger, but its reactivity toward PM was

https://doi.org/10.1021/envhealth.4c00157
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minimal, typically used alone or in combination with AA and
GSH. However, a previous study indicated that UA can
enhance the antioxidant capacity of SLF and protect against
the loss of AA, thereby affecting its consumption rate.”'~>* In
contrast, Charrier et al. found that UA has little to no effect on
the consumption of GSH, ascorbate, or the generation of OH
in the presence of PM or metal.*>* This indicates that
antioxidant mechanisms and reactive properties vary under
different conditions for antioxidants.

2.2.2. Dichlorofluorescin Assay. Dichlorofluorescin
(DTT) is a potent reducing agent that is capable of replacing
intracellular antioxidants. Within PM, 5, oxidative compounds
catalyze DTT to transfer electrons to oxygen, resulting in the
generation of O, radicals. These radicals further react to
produce H,0, and O,, thereby oxidizing DTT in the process.
This method is straightforward and effective for assessing
polycyclic aromatic hydrocarbons (PAHs), HULIS, quinones,
copper (Cu), and manganese (Mn) within a sensitive particle
size range of 0.32 to 1.8 um. However, it is limited by
photoinstability and other factors.>®

A study noted that DTT assays demonstrate a nonlinear
dose—response relationship within PM concentrations ranging
from 25 to 100 ug mL~". Specifically, at a reaction time of 120
min, the consumption rate of DTT increases with higher PM
concentrations.'”” Meanwhile, Charrier et al. discovered that
the consumption rate of OPP™" is influenced by the
concentration of metallic ions in ambient PM.*® Subsequent
research has indicated that while OPP™" is notably sensitive to
metals, it may also exhibit relatively high sensitivity to organic
components.”®>* Furthermore, studies have reported incon-
sistent associations between OPPTT and biological markers,
such as inflammatory responses and oxidative stress indicators.
For instance, Akhtar et al. utilized DTT assays to gauge the
ROS generation potential of atmospheric PM in Toronto,
assessing cell viability and interleukin-8 (IL-8) levels in human
alveolar epithelial cells (AS49). Their findings revealed no
apparent correlation between OPP™" and biological effects.””
However, Velali et al. identified a significant correlation
between OPP™" and both cell viability and lactate dehydrogen-
ase (LDH) activity in their study on OP and cytotoxicity of
atmospheric PM in Thessaloniki, Greece.®® This further
suggests that OPP™" represents only the chemical reactions
between atmospheric particulate matter and DTT, while the
actual cellular responses to PM are more complex.

2.2.3. Electron Spin Resonance (ESR) Spectroscopy.
ESR is a method that directly measures the rate of OH
production, using $,5-dimethyl-1-pyrroline N-oxide (DMPO)
as a spin trap in electron spin resonance to measure the
generation of OH.®" In this process, O, radicals are generated
when O, accepts electrons under the influence of environ-
mental persistent free radicals (EPFRs), subsequently forming
H,0,. In the presence of Fe**, H,0, can further generate OH
through the Fenton reaction.”” This method is highly sensitive
and accurate for assessing the OP of transition metals, such as
Cu, Fe, and vanadium (V), demonstrating sensitivity to both
coarse and fine particulate matter. However, it requires
complex and expensive measuring apparatus,”’ which limits
its practical application.

Research indicates that BMPO—OH undergoes gradual
dissociation upon interaction with Fe, significantly affecting the
capture of free radicals. Consequently, experimental results
suggest that OP®*}® demonstrates lower sensitivity compared
with alternative assays. Furthermore, because the ESR assay

does not include antioxidants in its reaction mixture, OPESE

cannot effectively reflect the impact of antioxidants on free

. . 1
radical formation.'”

2.2.4. H,0, Assay. Dichlorofluorescein (DCFH) is initially
nonfluorescent and reacts with H,0, in the presence of
horseradish peroxidase (HRP) to form HRP-II, which then
interacts with DCFH to produce the red fluorescent
compound 2’,7’-dichlorofluorescein (DCF).%® This method is
noted for its simplicity, cost-effectiveness, and suitability in the
detection of organic pollutants (OC, PAHs) and various
inorganic ions. It offers sensitivity across a particle size range of
0.32 to 1.8 um. However, it is noted for its limitation in
achieving high measurement accuracy.”

Shahpoury et al’s experiments found that at PM
concentrations below S0 ug mL™', H,0, levels increased
with reaction time, showing a nearly linear response up to 180
min. Beyond this point, however, the formation of H,O, starts
to decline. At higher PM concentrations, OP™%: exhibits
nonlinear dynamics, stabilizing after 60 min but showing
another increase after 120 min, though the reasons for this are
unclear.'” Additionally, Boisa et al. discovered that physio-
logical concentrations of thiol antioxidants (e.g., GSH) in SLF
significantly diminish the assay’s dynamic range.”’ Moreover,
the assay necessitates the use of PBS to stabilize H,O, and
ensure optimal pH conditions for the peroxidases. However,
during sample processing, PBS might adversely impact the
stability of enzymes.”* This suggests that the stability of the
measurement system significantly influences the accuracy of
the measurements.

2.2.5. OH Assay. Terephthalic acid (TA) is utilized as a
specific method to measure OH in simulated lung fluid. OH
reacts with TA to produce a stable and intensely fluorescent
compound called 2-hydroxyterephthalic acid (TAOH). The
rate of OH generation can be quantified based on the
fluorescence intensity of TAOH formed.*®

For OH measurement, at low PM (25 ug mL™!)
concentrations, OP°H! exhibits first-order kinetics, but at 50
ug mL™", it shows linear kinetics within 120 min. At a PM
concentration of 100 ug mL™', OP°" displays nonlinear
kinetics. However, the dose—response relationship of OP°"
may be significantly influenced by the reaction time. At PM
concentrations ranging from 25—100 ug mL ™" with incubation
times shorter than 120 min, the relationship shows linearity.
When the incubation time is extended to 120 min at a PM
concentration of 100 ug mL~!, OP° shows a decreasing
trend.'”” This could be related to a significant loss of
antioxidants due to prolonged incubation times at high PM
concentrations.

In addition to the TA method, there are the salicylic acid
(SA) and benzoate (BA) methods, both of which determine
OH indirectly. The SA method involves reacting with OH in
aqueous solution to produce 2,5-dihydroxybenzoic acid and
2,3-dihydroxybenzoic acid. These substances exhibit strong
absorbance in the UV region, so pretreatment is required
before detection using a UV spectrophotometer. The BA
method uses benzoic acid as a probe, effectively quantifying the
OH generated by other chemical substances. Benzoic acid
reacts with OH to form p-hydroxybenzoate (p-HBA), which is
then measured.®®

https://doi.org/10.1021/envhealth.4c00157
Environ. Health 2025, 3, 1-13
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Figure 2. Multiphase chemical kinetic model of ROS cycling in epithelial lining fluid. This model includes five main components: inspired gas
phase, surfactant layer, epithelial lining fluid, endothelium, and blood layer. PM, 5 contains various redox components (such as Cu, Fe, SOA,
HULIS, PQN, and black carbon) that catalyze ROS formation via processes like the Fenton reaction. Antioxidants and enzymes (highlighted in
green) are sensitive to oxidants like O; and NO,. Oj reacts with antioxidants to form secondary products and oxidizes surface lipids to produce
H,0,. NO, reacts with antioxidants to produce O, and modifies proteins with OH. Additionally, endogenous and exogenous H,0, participate in

multiphase cycling.

2.3. Analysis of the Correlation between OPP™ and PM, 5
Concentration

Among these assays, the DTT assay is widely used as an
acellular method to quantify OP and has shown strong
correlations with various biological indicators of adverse health
effects due to particulate matter exposure.”® The rate of DTT
depletion is directly proportional to the concentration of the
redox-active substances in PM, ;. DTT activity is reported in
two units: pmol min~' m™ (volume-normalized DTT activity,
DTT,) and pmol min~" pg™' (mass-normalized DTT activity,
DTT,,). DTT,, which considers emission rates, dilution, and
other factors, is more closely associated with human health end
points. On the other hand, DTT,, reflects inherent character-
istics of particulate matter and its sources.’”’

To explore the correlation between PM, 5 concentration and
OP, we evaluated DTT consumption rates across 15 global

cities, as depicted in Figure 1777 Under World Health
Organization (WHO) standards, only two cities, Los Angeles
and Atlanta, have PM, concentrations within the recom-
mended range. According to Chinese standards, Fairbanks’
PM, concentration also falls within the acceptable range.
However, PM,; concentrations in Shenzhen, Ningbo,
Guangzhou, Xi’an, Beijing, and Wuhan are significantly higher
than the standard values. Moreover, as PM, ; concentrations
increase, so does DTT,. Peshawar’s DTT, value is as high as
9300 + 3900 pmol min~' m™. This underscores the critical
need for implementing measures to regulate particulate matter
levels. Despite exceeding WHO and PRC annual standards,
many cities neglect the toxic impacts of particulate matter on
human health in their mitigation strategies. Moreover, a
consistent and predictable pattern of DTT,, variation remains
elusive.

https://doi.org/10.1021/envhealth.4c00157
Environ. Health 2025, 3, 1-13
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Figure 3. Impairments of PM, s and O; exposure on various human body systems. In the central nervous system, PM, s and O; enter via the
olfactory nerve, activating microglial cells (yellow) that release inflammatory cytokines (purple dots) and ROS (red polygons). This process
damages neurons and promotes apoptosis (blue-purple cells). They can breach the blood—brain barrier (green hexagons), releasing more
inflammatory cytokines and ROS and damaging other brain cells. In the respiratory system, PM, 5 and O; enter the lungs, inducing ROS production
in the epithelial lining fluid and activating macrophages (purple cells) that release inflammatory cytokines. This damages lung epithelial cells (pink
cells). Inflammatory cytokines and ROS can cross the alveolar—capillary barrier, causing systemic inflammation. In the cardiovascular system, ROS
and inflammatory cytokines in the bloodstream damage vascular endothelial cells (hollow circular pink cells).

3. MULTIPHASE CHEMICAL KINETIC MODEL OF ROS
CYCLING IN ELF

3.1. Overview of Kinetic Multilayer Model

Despite there being numerous acellular assays available for
measuring ROS, there has been comprehensive simulation of
ROS production rates and concentrations induced by air
pollutants in the ELE."” To address this gap and deepen the
understanding of multiphase chemical processes at the air—
epithelial cell interface within the ELF, Berkemeier et al.
introduced the kinetic multilayer model (KM-SUB-ELF) in
2016. This model comprises five components, including the
respiratory tract gas phase, surfactants, ELF, endothelial cells,
and the blood layer.”””® Tt effectively simulates both surface
and bulk chemistry within the ELF, facilitating the
quantification of ROS formation and assessment of the redox
capacity of air pollutants.””** By simulating diverse bio-
chemical reactions, the KM-SUB-ELF model is instrumental in
investigating how air pollution triggers ROS production in the
respiratory system, thereby contributing to our understanding
of respiratory diseases.

Since the inception of model construction in 2016,
researchers have continually expanded upon the foundational
basis of the model to refine the chemical mechanisms within
the model. Here, we present a summary of the current model,
as illustrated in Figure 2.”°%”® Dovrou et al. noted that H,0,
concentration in the ELF primarily stems from endogenous
release and ambient gas-phase inhalation, with PM,  inhalation
playing a negligible role in H,0, production.'® SOAs, crucial
PM, 5 components, enhance ROS formation in the ELF.*’ This

enhancement is linked to Fe®*, which catalyzes ROOR
degradation and organic radical formation.””*" Mishra et al.
also highlighted the synergistic regulation of n1tr0tyrosme
formation by OH and NO,, impacting protein modification.®!
Additionally, Lelieveld et al. reported elevated endogenous
nitric oxide levels, leadlng to increased OH production via
peroxynitrite formation.*” From this, it is evident that while
many studies simulate the ROS cycling process in the epithelial
lining fluid using dynamic models, the mechanism of ROS
generation remains incomplete due to the complexity of air
pollutant components, with only a few models considering
cellular feedback mechanisms.”® Therefore, cellular feedback
mechanisms and complex chemical reaction processes may be
crucial for kinetic modeling studies.

3.2. Practical Applications of the Model

KM-SUB-ELF has found significant applications in subsequent
research. For example, Lakey et al. revealed that in heavily
polluted environments, elevated levels of metals, particularly
copper and iron, quinones, and SOAs contribute to ROS levels
in the ELF, surpassing those found in healthy individuals.
Additionally, studies across various global regions indicate that
aerosol-induced ROS levels in polluted cities are markedly
higher compared to those in pristine rainforests.”” Further-
more, Dovrou et al. identified that under clean urban
conditions, H,0, primarily originates from the gas phase,
circulating blood, and cellular layers, with minimal contribu-
tions from O;- and PM, s-induced H,O,. In urban pollution
scenarios, environmental gas-phase H,0, emerges as the
predominant factor increasing H,O, levels in the ELF.
Calculations across six typical atmospheric settings revealed
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the lowest production of H,0, and OH in remote, rural, and
indoor environments. Elevated environmental gas-phase H,O,
concentrations in polluted urban air may slightly elevate H,O,
concentrations in the ELF, whereas high levels of PM, 5 could
significantly enhance OH production. In highly clean indoor
spaces, elevated environmental gas-phase H,O, can regulate
H,0O, concentrations in the ELF and promote OH
production.'® Additionally, Lelieveld et al. discovered that
widespread increases in endogenous nitric oxide concen-
trations in diseased individuals can augment OH production
through peroxynitrite formation. This newly identified
mechanism elucidates the vulnerability of diseased individuals
to air pollution.*” Moreover, Mishra et al. found that OH and
NO, synergistically elevate the nitrotyrosine (Ntyr) content in
proteins, thereby modifying them. Severe air pollution
conditions lead to a significant increase in Ntyr content.*'
Fang et al. quantified the production rates and concentrations
of ROS in different regions of the ELF, highlighting higher
ROS concentrations in the extrathoracic region compared to
those in the bronchial and alveolar regions. Additionally,
biomass burning significantly increases ROS production due to
HULIS during winter.'” These applications have provided
valuable insights into the complex multiphase chemical
processes and health effects occurring within the ELF.

4. HAZARDS OF ROS ON HUMAN HEALTH AND
PATHOGENIC MECHANISMS

The generation of ROS through PM, 5 and Oj; not only triggers
lung inflammation and oxidative stress but also systemically
disseminates via the circulatory system in a similar way. ROS
can affect various cell types including neurons, lung epithelial
cells, and vascular endothelial cells, crossing the blood—brain
barrier (BBB) and contributing to a wide spectrum of health
conditions including respiratory, cardiovascular, and central
nervous system disorders.”"* To elucidate the intricate
relationship between ROS and disease, we illustrate these
complex physiological processes in Figure 3.

4.1. Respiratory System

Atmospheric pollution significantly impacts the human
respiratory system by inducing inflammation and oxidative
stress within the respiratory tract,”” which results in various
lung diseases, including chronic obstructive pulmonary disease
(COPD),*® asthma,” respiratory infections,”® and lung
cancer.”’ Studies have demonstrated that an elevation of 10
pg/m? in PM, ¢ levels substantially increases the risk of asthma
development in children. Similarly, a comparable increase of 10
ptg/m3 in O; concentration results in a 0.55% mortality in
respiratory disease mortality rates.”””*

The assault of ROS triggered by PM, s and O; on airway
epithelial cells triggers the activation of inflammatory cells,
notably alveolar macrophages.”* " Excessive ROS also impair
the antioxidant defensive systems,”” reducing the activity of
bronchial epithelial cells and alveolar cells in the lung, thereby
damaging cell membranes.”®”” This cascade ultimately
stimulates and damages various cell types, leading to
inflammation and oxidative stress. Specifically, PM, s induces
ROS generation in response to lung epithelial lining fluid,
triggering upregulation of inflammatory factors such as
interleukin-6 (IL-6), interleukin-8 (IL-8), and nuclear factor
kappa B (NF-xB)."” Animal model studies suggest that PM, ¢
causes abnormal expression of nuclear factor erythroid 2-
related factor 2 (Nrf2), which in turn inhibits the down-

regulation of antioxidant gene expression, thereby promoting
oxidative stress.'’’ Furthermore, PM, activates the trans-
forming growth factor beta (TGF-$1)/ small mother against
decapentaplegic (Smad) pathway, which enhances NF-«B
activation, causing an inflammatory response and ultimately
leading to lung function impairment in mice.'*” Additionally,
O; oxidizes membrane lipids and proteins of epithelial cells
and macrophages, generating hydroperoxides.”” This process
promote autophagy and the expression of inflammatory factors
such as IL-1, IL-1f, and interleukin-18 (IL-18), contributing to
lung injury.'”® These mechanisms collectively highlight how
atmospheric pollutants such as PM,; and O; disrupt
respiratory health through inflammation and oxidative stress.

4.2. Cardiovascular System

Air pollutants, specifically PM, 5 and O;, not only exert a
profound impact on lung health but also contribute to the
development of cardiovascular diseases, especially in vulnerable
populations.'”*' Epidemiological studies have established
connections between air pollutants and cardiovascular diseases,
including coronary artery disease,'’°™'%® cardiac arrhythmia
and arrest,'®™'!"" heart failure,''*'"® cerebrovascular dis-
ease,'' *7"'® peripheral arterial disease,"'”""® and venous
thromboembolism.""”

PM, 5 and Oj; deposit in the lungs, inducing the generation
of ROS and inflammatory factor."”® Immediately, some
pollutants and inflammatory factor enter the cardiovascular
system and undermine the tight junctions of epithelial cells
(ECs), thereby disrupting the blood—brain barrier and
ultimately leading to increased vascular permeability, DNA
damage, mitochondrial dysfunction, and other physiological
processes occurring.nl’122 Furthermore, inflammation and
ROS lead to the dysfunction of vascular endothelial cells,
and PM, s-induced su}z)eroxide inhibits vasodilatation caused by
reacting with NO.'7'*° Toxicological studies in mice
propose that PM, induces ROS and activates extracellular
signal-regulated kinase (ERK)/protein kinase B (AKT) and
NF-kB pathways, fostering inflammation and cardiovascular
dysfunction.'*”'*” Although O; cannot enter the blood
circulation through penetrating the respiratory epithelial
cells,)® ROS, inflammatory factors, and oxidation products
produced by O; can through the air—blood barrier, thus
causing damage to vascular cells. Research has shown that
short-term Oj exposure correlates positively with systemic
inflammatory biomolecules, like C-reactive protein
(CRP),"**"*”" immune cells,"**"*" inflammatory cytokines
(IL-6,"** IL-8,"** TNF-p),"** and monocyte chemoattractant
protein-1.""" These alterations in physiological processes are
associated with cardiovascular damage.

4.3. Central Nervous System

Additionally, air pollution severely impacts the respiratory and
central nervous systems, and it is also linked to neurological
dysfunction."” High concentrations of PM, 5 or O have been
associated with increased incidence of Alzheimer’s disease,
Parkinson’s disease, and cerebrovascular diseases and may also
lead to abnormal neurocognitive functions.'**~"** Two studies
have shown that for every 10 pg/m?® rise in PM, , the risk of
stroke increases by 0.69%. Furthermore, with every 10 ug/m?
increase in O, the risk of recurrent stroke subtypes increases
by approximately 12%, and the risk of large artery stroke
increases by around 8%."*>'*!

PM, s and O; have been found to activate microglia and
astrocytes, thereby promoting inflammation and oxidative

https://doi.org/10.1021/envhealth.4c00157
Environ. Health 2025, 3, 1-13


pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

EVE

stress in both human and rodent research models. Long-term
exposure to ambient air pollution seems to increase the levels
of certain proinflammatory markers such as cyclooxygenase 2
(COX2), IL-1B, inducible nitric oxide synthase (iNOS), and
monocyte differentiation antigen CD14 in the human brain."**
This elevation potentially leads to neuroinflammation, neuro-
degeneration, and breakdown of the blood—brain barrier.'*
The primary mechanisms of PM, s-induced brain damage are
inflammatory responses and oxidative stress."**™"*® In vivo
studies have found that exposure to PM,; leads to the
activation of microglia, inflammatory responses (IL-1f and
TNF-a), and neuronal atrophy.'*” Additionally, reactive
oxygen species (ROS) generated by PM, ; damage biological
macromolecules, disrupt lipid metabolism, and induce brain
inflammation by releasing interferon-y (IFN-y) and TNE-a."**
Although O3 cannot directly pass through cells into the blood
circulation, it reacts with antioxidants in epithelial fluid to
produce a large amount of ROS, which enters the whole body
throu%h circulation and causes inflammation and oxidative
stress.”"*’ Animal studies have also shown that ROS increase
promotes the expression of proinflammatory cytokines such as
IL-1f, IL-6, and TNF-a and disrupts communication between
neurons and neuroglial cells in rats, leading to nerve injury."’

5. CONCLUSIONS AND PERSPECTIVES

The health effects caused by PM, s- and Os-induced ROS can
be assessed by using various acellular assays. Multiphase
chemical process simulations enhance our understanding of
how ROS circulate in the lungs. For PM, 5, however, different
precursor substances and chemical reaction processes can lead
to compositional changes, such as the complex formation
pathway of SOAs."”' In terms of the components of the
particulate matter, different components may be accompanied
by different health effects. For example, the concentration of
black carbon is related to the occurrence of cardiovascular,
respiratory, and nervous system diseases, but the pathogenic
mechanism is still unclear.'>* Thus, understanding the intricate
response mechanisms and competitive pathways among single
and multiple species in the ELF is essential. Currently, most
acellular methods for measuring OP use SLF, potentially
ignoring differences from the real physiological environment.
Moreover, the complexity of cellular systems complicates the
accurate reproduction of biochemical changes induced by
various reactions within the cells. Current kinetic models also
neglect substance exchanges between aqueous and gas
phases,””">? including the impact of endogenously produced
substances (such as endogenous ROS) through reactions.*’
For O;, the mechanism by which it generates ROS in the ELF
is still not fully understood. Therefore, future work should
integrate more physiological experimental data and combine
cellular and acellular approaches to deepen our understanding
of the intricate interplay between air pollutants and human
health.

Air pollutants induce oxidative stress by generating ROS,
which subsequently initiate various pathological processes.
However, the precise physiological mechanisms underlying
these effects remain unclear.'' For example, the process by
which air pollutants enter cells is not yet fully understood.
Intact cell membranes play a crucial role in controlling the
active and passive transport of substances across them,'>* while
membrane proteins facilitate the orderly exchange and
transport of specific substances inside and outside the cell.">
Yet, the specific pathways through which air pollutants enter

cells, interact with receptors, and affect transport mechanisms
are not well-defined. Further investigations need to clarify the
toxic effects of various pollutants and their interactions and to
determine whether their physiological impacts go beyond
inflammation and oxidative stress in cells. Notably, ROS, being
a nonselective oxidant, impair a variety of organic biomole-
cules,'*° so we speculate that atmospheric ROS may impair the
microorganisms adsorbed on PM,;, affecting the lipids and
proteins of cellular membranes and other organelles, leading to
the inactivation of those creatures. However, this intriguing
hypothesis requires further verification.

In summary, current research predominantly focuses on
multiphase chemical processes in the lungs, while our
understanding of similar processes in the brain, cardiovascular,
and other systems remain limited. Future studies should
integrate disciplines such as atmospheric chemistry, toxicology,
epidemiology, and biomedical sciences to explore how air
pollutants undergo multiphase chemical processes across
various bodily systems. This approach aims to clarify the
potential chemical mechanisms and molecular pathways
involved in disease development. Through comprehensive
interdisciplinary research and consideration of various factors,
effective strategies, as well as air quality standards for
environmental management, can be proposed to mitigate the
occurrence and progression of related health issues.

B AUTHOR INFORMATION
Corresponding Authors

Huan Song — College of Environmental Sciences and
Engineering, Peking University, Beijing 100871, China;
Email: songhuan@pku.edu.cn

Keding Lu — College of Environmental Sciences and
Engineering, Peking University, Beijing 100871, China;

orcid.org/0000-0001-9425-9520; Email: klu@
pku.edu.cn

Authors

Qineng Wang — College of Environmental Sciences and
Engineering, Peking University, Beijing 100871, China
Huabin Dong — College of Environmental Sciences and
Engineering, Peking University, Beijing 100871, China
Song Guo — College of Environmental Sciences and
Engineering, Peking University, Beijing 100871, China;
orcid.org/0000-0002-9661-2313
Maosheng Yao — College of Environmental Sciences and
Engineering, Peking University, Beijing 100871, China;
orcid.org/OOOO—OOOZ-1442—8054
Yi Wan — College of Urban and Environmental Sciences,
Peking University, Beijing 100871, China; ® orcid.org/
0000-0003-1312-6254

Complete contact information is available at:
https://pubs.acs.org/10.1021/envhealth.4c00157

Author Contributions

KL. and H.S. conceived the study. Q.W. summarized the
influences of multiphase ROS on human health and wrote the
manuscript. HD., S.G,, MY, and Y.W. provided guidance on
the manuscript and made modifications to the framework.

Notes

The authors declare no competing financial interest.

https://doi.org/10.1021/envhealth.4c00157
Environ. Health 2025, 3, 1-13


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huan+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:songhuan@pku.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Keding+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9425-9520
https://orcid.org/0000-0001-9425-9520
mailto:k.lu@pku.edu.cn
mailto:k.lu@pku.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qineng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huabin+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Song+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9661-2313
https://orcid.org/0000-0002-9661-2313
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maosheng+Yao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1442-8054
https://orcid.org/0000-0002-1442-8054
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Wan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1312-6254
https://orcid.org/0000-0003-1312-6254
https://pubs.acs.org/doi/10.1021/envhealth.4c00157?ref=pdf
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

EVE

B ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (Grant 22221004).

B REFERENCES

(1) Cohen, A. J; Brauer, M.; Burnett, R.; Anderson, H R.; Frostad, J.;
Estep, K; Balakrishnan, K; Brunekreef, B.; Dandona, L.; Dandona,
R; Feigin, V.; Freedman, G.; Hubbell, B.; Jobling, A.;; Kan, H,;
Knibbs, L.; Liu, Y.; Martin, R.; Morawska, L.; Pope, C A,; Shin, H.;
Straif, K,; Shaddick, G.; Thomas, M.,; van Dingenen, R, van
Donkelaar, A.; Vos, T.; Murray, C. J L; Forouzanfar, M. H Estimates
and 25-year trends of the global burden of disease attributable to
ambient air pollution: an analysis of data from the Global Burden of
Diseases Study 2015. The Lancet 2017, 389 (10082), 1907—1918.

(2) Fang, T.; Lakey, P. S. J.; Rivera-Rios, J. C.; Keutsch, F. N,;
Shiraiwa, M. Aqueous-Phase Decomposition of Isoprene Hydroxy
Hydroperoxide and Hydroxyl Radical Formation by Fenton-like
Reactions with Iron Ions. J. Phys. Chem. A 2020, 124 (25), 5230—
5236.

(3) Van den Eeden, L.; Leysens, G.; Mannaerts, D.; Jacquemyn, Y.
Air Pollution: Cardiovascular and other Negative Effects on
Pregnancy: a Narrative Review. Clin Exp Obstet Gyn 2021, 48 (5),
1010—1016.

(4) Lelieveld, J.; Pdschl, U. Chemists Can Help to Solve the Air-
pollution Health Crisis. Nature 2017, 551 (7680), 291—293.

(5) West, J. J; Cohen, A; Dentener, F.; Brunekreef, B.; Zhu, T.;
Armstrong, B.; Bell, M. L.; Brauer, M.; Carmichael, G.; Costa, D. L.;
Dockery, D. W.; Kleeman, M.; Krzyzanowski, M.; Kiinzli, N.; Liousse,
C.; Lung, S. C. C,; Martin, R. V.; Péschl, U.; Pope, C. A.; Roberts, J.
M.,; Russell, A. G.; Wiedinmyer, C. What We Breathe Impacts Our
Health: Improving Understanding of the Link between Air Pollution
and Health. Environ. Sci. Technol. 2016, 50 (10), 4895—4904.

(6) Poschl, U.; Shiraiwa, M. Multiphase Chemistry at the
Atmosphere-Biosphere Interface Influencing Climate and Public
Health in the Anthropocene. Chem. Rev. 20185, 115 (10), 4440—4475.

(7) Mudway, L. S.; Kelly, F. J. Ozone and the lung: a sensitive issue.
Mol. Aspects Med. 2000, 21 (1-2), 1—48.

(8) Nuvolone, D.; Petri, D.; Voller, F. The Effects of Ozone on
Human Health. Environ. Sci. Pollut R 2018, 25 (9), 8074—8088.

(9) Burns, J.; Boogaard, H.; Polus, S.; Pfadenhauer, L. M.; Rohwer,
A. C; van Erp, A. M,; Turley, R; Rehfuess, E. A. Interventions to
Reduce Ambient Air Pollution and their Effects on Health: An
abridged Cochrane systematic review. Environ. Int. 2020, 135, 105400.

(10) Daellenbach, K. R;; Uzu, G.; Jiang, J. H.; Cassagnes, L. E.; Leni,
Z.; Vlachou, A,; Stefenelli, G.; Canonaco, F.; Weber, S.; Segers, A.;
Kuenen, J. J. P,; Schaap, M,; Favez, O.; Albinet, A.; Aksoyoglu, S.;
Dommen, J.; Baltensperger, U.; Geiser, M.; El Haddad, L; Jaffrezo, J.
L.; Prévot, A. S. H. Sources of particulate-matter air pollution and its
oxidative potential in Europe. Nature 2020, 587 (7834), 414.

(11) Eze, U. U; Eke, L. G.; Anakwue, R. C.; Oguejiofor, C. F,;
Onyejekwe, O. B.; Udeani, L. J.; Onunze, C. J.; Obed, U. J.; Eze, A. A;;
Anaga, A. O.; Anene, B. M. Effects of Controlled Generator Fume
Emissions on the Levels of Troponin I, C-Reactive Protein and
Oxidative Stress Markers in Dogs: Exploring Air Pollution-Induced
Cardiovascular Disease in a Low-Resource Country. Cardiovasc
Toxicol 2021, 21 (12), 1019—1032.

(12) Zhu, L; Fang, J; Yao, Y,; Yang, Z; Wu, J; Ma, Z; Liu, R;
Zhan, Y.; Ding, Z.; Zhang, Y. Long-term Ambient Ozone Exposure
and incident Cardiovascular Diseases: National Cohort Evidence in
China. J. Hazard Mater. 2024, 471, 134158.

(13) Feng, S.; Gao, D.; Liao, F.; Zhou, F.; Wang, X. The Health
Effects of Ambient PM2.5 and Potential Mechanisms. Ecotoxicol
Environ. Saf 2016, 128, 67—74.

(14) Li, J. H,; Li, W. X,; Bai, C. X; Song, Y. L. Particulate Matter-
induced Epigenetic changes and Lung Cancer. Clinical Respiratory
Journal 2017, 11 (5), 539—546.

(15) Fang, T.; Lakey, P. S. J.; Weber, R. J.; Shiraiwa, M. Oxidative
Potential of Particulate Matter and Generation of Reactive Oxygen

Species in Epithelial Lining Fluid. Environ. Sci. Technol. 2019, §3 (21),
12784—12792.

(16) Charrier, J. G.; McFall, A. S.; Richards-Henderson, N. K;
Anastasio, C. Hydrogen Peroxide Formation in a Surrogate Lung
Fluid by Transition Metals and Quinones Present in Particulate
Matter. Environ. Sci. Technol. 2014, 48 (12), 7010—7017.

(17) Shahpoury, P; Zhang, Z. W.; Filippi, A; Hildmann, S;
Lelieveld, S.; Mashtakov, B.; Patel, B. R.; Traub, A.; Umbrio, D,
Wietzoreck, M.; Wilson, J.; Berkemeier, T.; Celo, V.; Dabek-
Zlotorzynska, E.; Evans, G.; Harner, T.; Kerman, K;; Lammel, G;
Noroozifar, M.; Péschl, U.; Tong, H. J. Inter-comparison of Oxidative
Potential Metrics for Airborne Particles Identifies Differences between
Acellular Chemical Assays. Atmos Pollut Res. 2022, 13 (12), 101596.

(18) Dovrou, E.; Lelieveld, S.; Mishra, A.; Péschl, U.; Berkemeier, T.
Influence of Ambient and Endogenous HO on Reactive Oxygen
Species Concentrations and OH Radical Production in the
Respiratory Tract. Environ. Sci-Atmos 2023, 3 (7), 1066—1074.

(19) Gurgueira, S. A.; Lawrence, J; Coull, B,; Murthy, G. G;
Gonzalez-Flecha, B. Rapid Increases in the Steady-state Concen-
tration of Reactive Oxygen Species in the Lungs and Heart after
Particulate Air Pollution Inhalation. Environ. Health Perspect 2002,
110 (8), 749-5S.

(20) van der Vliet, A.,; O'Neill, C. A.; Cross, C. E.; Koostra, J. M.;
Volz, W. G.; Halliwell, B.; Louie, S. Determination of Low-molecular-
mass Antioxidant Concentrations in Human Respiratory Tract Lining
Fluids. Am. J. Physiol. 1999, 276 (2), L289.

(21) Baumann, K. K; Liang, W. S.; Quaranta, D. V.; Wilson, M. L,;
Asrat, H. S.; Thysell, J. A.; Sarchi, A. V.; Banks, W. A.; Erickson, M. A.
Effects of Ozone on Sickness and Depressive-like Behavioral and
Biochemical Phenotypes and Their Regulation by Serum Amyloid A
in Mice. International Journal of Molecular Sciences 2023, 24 (2), 1612.

(22) Cho, A. K;; Sioutas, C.; Miguel, A. H.; Kumagai, Y.; Schmitz, D.
A,; Singh, M.; Eiguren-Fernandez, A.; Froines, J. R. Redox Activity of
Airborne Particulate Matter at Different Sites in the Los Angeles
Basin. Environ. Res. 2005, 99 (1), 40—47.

(23) Verma, V.; Fang, T.; Xu, L,; Peltier, R. E.; Russell, A. G.; Ng, N.
L.; Weber, R. J. Organic Aerosols Associated with the Generation of
Reactive Oxygen Species (ROS) by Water-Soluble PM. Environ. Sci.
Technol. 2015, 49 (7), 4646—4656.

(24) Kumagai, Y.; Shinkai, Y.; Miura, T.; Cho, A. K. The Chemical
Biology of Naphthoquinones and Its Environmental Implications.
Annu. Rev. Pharmacol 2012, 52, 221-247.

(25) Gurgueira, S. A,; Lawrence, J.; Coull, B.; Murthy, G. G. K;
Gonzélez-Flecha, B. Rapid Increases in the Steady-state Concen-
tration of Reactive Oxygen Species in the Lungs and Heart after
Particulate Air Pollution Inhalation. Environ. Health Persp 2002, 110
(8), 749—-758.

(26) Van der Vliet, A.; O'Neill, C. A.; Cross, C. E.; Koostra, J. M.;
Volz, W. G.; Halliwell, B.; Louie, S. Determination of Low-molecular-
mass Antioxidant Concentrations in Human Respiratory Tract Lining
Fluids. Am. J. Physiol-Lung C 1999, 276 (2), L289—L1296.

(27) Winterbourn, C. C. Reconciling the Chemistry and Biology of
Reactive Oxygen Species. Nat. Chem. Biol. 2008, 4 (S), 278—286.

(28) Wang, Y; Kim, H; Paulson, S. E. Hydrogen Peroxide
Generation from a- and f-pinene and Toluene Secondary Organic
Aerosols. Atmos. Environ. 2011, 45 (18), 3149—3156.

(29) Tong, H. J.; Arangio, A. M.; Lakey, P. S. J.; Berkemeier, T.; Liu,
F. B,; Kampf, C. J.; Brune, W. H.; Péschl, U.; Shiraiwa, M. Hydroxyl
Radicals from Secondary Organic Aerosol Decomposition in Water.
Atmos Chem. Phys. 2016, 16 (3), 1761—1771.

(30) Lakey, P. S. J.; Berkemeier, T.; Tong, H. J.; Arangio, A. M,;
Lucas, K; Poschl, U,; Shiraiwa, M. Chemical Exposure-response
Relationship between Air Pollutants and Reactive Oxygen Species in
the Human Respiratory Tract. Sci. Rep. 2016, 6, 32916.

(31) Gonzalez, D. H; Cala, C. K; Peng, Q. Y.; Paulson, S. E. HULIS
Enhancement of Hydroxyl Radical Formation from Fe(II): Kinetics of
Fulvic Acid-Fe(II) Complexes in the Presence of Lung Antioxidants.
Environ. Sci. Technol. 2017, 51 (13), 7676—768S.

https://doi.org/10.1021/envhealth.4c00157
Environ. Health 2025, 3, 1-13


https://doi.org/10.1016/S0140-6736(17)30505-6
https://doi.org/10.1016/S0140-6736(17)30505-6
https://doi.org/10.1016/S0140-6736(17)30505-6
https://doi.org/10.1016/S0140-6736(17)30505-6
https://doi.org/10.1021/acs.jpca.0c02094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.0c02094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.0c02094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.31083/j.ceog4805162
https://doi.org/10.31083/j.ceog4805162
https://doi.org/10.1038/d41586-017-05906-9
https://doi.org/10.1038/d41586-017-05906-9
https://doi.org/10.1021/acs.est.5b03827?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b03827?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b03827?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500487s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500487s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500487s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0098-2997(00)00003-0
https://doi.org/10.1007/s11356-017-9239-3
https://doi.org/10.1007/s11356-017-9239-3
https://doi.org/10.1016/j.envint.2019.105400
https://doi.org/10.1016/j.envint.2019.105400
https://doi.org/10.1016/j.envint.2019.105400
https://doi.org/10.1038/s41586-020-2902-8
https://doi.org/10.1038/s41586-020-2902-8
https://doi.org/10.1007/s12012-021-09693-8
https://doi.org/10.1007/s12012-021-09693-8
https://doi.org/10.1007/s12012-021-09693-8
https://doi.org/10.1007/s12012-021-09693-8
https://doi.org/10.1016/j.jhazmat.2024.134158
https://doi.org/10.1016/j.jhazmat.2024.134158
https://doi.org/10.1016/j.jhazmat.2024.134158
https://doi.org/10.1016/j.ecoenv.2016.01.030
https://doi.org/10.1016/j.ecoenv.2016.01.030
https://doi.org/10.1111/crj.12389
https://doi.org/10.1111/crj.12389
https://doi.org/10.1021/acs.est.9b03823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b03823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b03823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es501011w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es501011w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es501011w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apr.2022.101596
https://doi.org/10.1016/j.apr.2022.101596
https://doi.org/10.1016/j.apr.2022.101596
https://doi.org/10.1039/D2EA00179A
https://doi.org/10.1039/D2EA00179A
https://doi.org/10.1039/D2EA00179A
https://doi.org/10.1289/ehp.02110749
https://doi.org/10.1289/ehp.02110749
https://doi.org/10.1289/ehp.02110749
https://doi.org/10.1152/ajplung.1999.276.2.L289
https://doi.org/10.1152/ajplung.1999.276.2.L289
https://doi.org/10.1152/ajplung.1999.276.2.L289
https://doi.org/10.3390/ijms24021612
https://doi.org/10.3390/ijms24021612
https://doi.org/10.3390/ijms24021612
https://doi.org/10.1016/j.envres.2005.01.003
https://doi.org/10.1016/j.envres.2005.01.003
https://doi.org/10.1016/j.envres.2005.01.003
https://doi.org/10.1021/es505577w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es505577w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev-pharmtox-010611-134517
https://doi.org/10.1146/annurev-pharmtox-010611-134517
https://doi.org/10.1289/ehp.02110749
https://doi.org/10.1289/ehp.02110749
https://doi.org/10.1289/ehp.02110749
https://doi.org/10.1152/ajplung.1999.276.2.L289
https://doi.org/10.1152/ajplung.1999.276.2.L289
https://doi.org/10.1152/ajplung.1999.276.2.L289
https://doi.org/10.1038/nchembio.85
https://doi.org/10.1038/nchembio.85
https://doi.org/10.1016/j.atmosenv.2011.02.060
https://doi.org/10.1016/j.atmosenv.2011.02.060
https://doi.org/10.1016/j.atmosenv.2011.02.060
https://doi.org/10.5194/acp-16-1761-2016
https://doi.org/10.5194/acp-16-1761-2016
https://doi.org/10.1038/srep32916
https://doi.org/10.1038/srep32916
https://doi.org/10.1038/srep32916
https://doi.org/10.1021/acs.est.7b01299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b01299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b01299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

EVE

(32) Neeb, P.; Sauer, F.; Horie, O.; Moortgat, G. K. Formation of
hydroxymethyl hydroperoxide and formic acid in alkene ozonolysis in
the presence of water vapour. Atmos. Environ. 1997, 31 (10), 1417.

(33) Zeng, M. R;; Heine, N.; Wilson, K. R. Evidence that Criegee
Intermediates Drive Autoxidation in Unsaturated Lipids. P Natl. Acad.
Sci. USA 2020, 117 (9), 4486—4490.

(34) Ayres, J. G; Borm, P.; Cassee, F. R; Castranova, V.;
Donaldson, K; Ghio, A; Harrison, R. M,; Hider, R; Kelly, F;
Kooter, I. M.; Marano, F.; Maynard, R. L.; Mudway, I; Nel, A;
Sioutas, C.; Smith, S.; Baeza-Squiban, A.,; Cho, A, Duggan, S,;
Froines, J. Evaluating the Toxicity of Airborne Particulate Matter and
Nanoparticles by Measuring Oxidative Stress Potential - A Workshop
Report and Consensus Statement. Inhal Toxicol 2008, 20 (1), 75—99.

(35) Bates, J. T.; Fang, T.; Verma, V.; Zeng, L. H.; Weber, R. J;
Tolbert, P. E.; Abrams, J. Y.; Sarnat, S. E.; Klein, M.; Mulholland, J.
A.; Russell, A. G. Review of Acellular Assays of Ambient Particulate
Matter Oxidative Potential: Methods and Relationships with
Composition, Sources, and Health Effects. Environ. Sci. Technol.
2019, 53 (8), 4003—4019.

(36) Calas, A.; Uzu, G.; Kelly, F. J.; Houdier, S.; Martins, J. M. F.;
Thomas, F.; Molton, F.; Charron, A.; Dunster, C.; Oliete, A.; Jacob,
V.; Besombes, J. L.; Chevrier, F.; Jaffrezo, J. L. Comparison between
five Acellular Oxidative Potential Measurement Assays Performed
with detailed Chemistry on PM Samples from the City of Chamonix
(France). Atmos Chem. Phys. 2018, 18 (11), 7863—7875.

(37) Gao, D; Ripley, S.; Weichenthal, S; Godri Pollitt, K. J.
Ambient particulate matter oxidative potential: Chemical determi-
nants, associated health effects, and strategies for risk management.
Free Radical Bio Med. 2020, 151, 7—25.

(38) Halappanavar, S.; Wu, D.; Boyadzhiev, A.; Solorio-Rodriguez,
A.; Williams, A,; Jariyasopit, N.; Saini, A,; Harner, T. Toxicity
screening of air extracts representing different source sectors in the
Greater Toronto and Hamilton areas:oxidative stress, pro-inflamma-
tory response, and toxicogenomic analysis. Mutat Res-Gen Tox En
2021, 872, 5S03415.

(39) Lionetto, M. G.; Guascito, M. R.; Caricato, R.; Giordano, M.
E.; De Bartolomeo, A. R,; Romano, M. P.; Conte, M.; Dinoi, A,
Contini, D. Correlation of Oxidative Potential with Ecotoxicological
and Cytotoxicological Potential of PM at an Urban Background Site
in Italy. Atmosphere 2019, 10 (12), 733.

(40) Lionetto, M.; Guascito, M.; Giordano, M.; Caricato, R.,; De
Bartolomeo, A.; Romano, M.; Conte, M.; Dinoi, A.; Contini, D.
Oxidative Potential, Cytotoxicity, and Intracellular Oxidative Stress
Generating Capacity of PM10: A Case Study in South of Italy.
Atmosphere 2021, 12 (4), 464.

(41) Lu, S.; Zhang, W.; Zhang, R;; Liu, P.; Wang, Q.; Shang, Y.; Wu,
M.; Donaldson, K.; Wang, Q. Comparison of cellular toxicity caused
by ambient ultrafine particles and engineered metal oxide nano-
particles. Part Fibre Towxicol 2015, 12, 5.

(42) Paur, H. R;; Cassee, F. R.; Teeguarden, J.; Fissan, H.; Diabate,
S.; Aufderheide, M.; Kreyling, W. G.; Hianninen, O.; Kasper, G.;
Riediker, M.; Rothen-Rutishauser, B.; Schmid, O. In-vitro cell
exposure studies for the assessment of nanoparticle toxicity in the
lung-A dialog between aerosol science and biology. J. Aerosol Sci.
2011, 42 (10), 668—692.

(43) Boisa, N;; Elom, N.; Dean, J. R; Deary, M. E,; Bird, G
Entwistle, J. A. Development and application of an inhalation
bioaccessibility method (IBM) for lead in the PM size fraction of
soil. Environ. Int. 2014, 70, 132—142.

(44) Lammel, G.; Kitanovski, Z.; Kukucka, P.; Novdk, J.; Arangio, A.
M,; Codling, G. P.; Filippi, A;; Hovorka, J; Kuta, J.; Leoni, C;
Pribylova, P.; Prokes, R.; Sanka, O.; Shahpoury, P.; Tong, H. J;
Wietzoreck, M. Oxygenated and Nitrated Polycyclic Aromatic
Hydrocarbons in Ambient Air-Levels, Phase Partitioning, Mass Size
Distributions, and Inhalation Bioaccessibility. Environ. Sci. Technol.
2020, 54 (5), 2615—2625.

(4S) Shahpoury, P.; Harner, T.; Lammel, G.; Lelieveld, S.; Tong, H.
J.; Wilson, J. Development of an antioxidant assay to study oxidative

potential of airborne particulate matter. Atmos Meas Tech 2019, 12
(12), 6529—6539.

(46) Rao, L.; Zhang, L.; Wang, X.; Xie, T.; Zhou, S.; Ly, S.; Liu, X;
Lu, H,; Xiao, K;; Wang, W.; Wang, Q. Oxidative Potential Induced by
Ambient Particulate Matters with Acellular Assays: A Review.
Processes 2020, 8 (11), 1410.

(47) Simonetti, G.; Conte, E.; Massimi, L.; Frasca, D.; Perrino, C.;
Canepari, S. Oxidative potential of particulate matter components
generated by specific emission sources (Retracted article. See vol. 143,
2020). J. Aerosol Sci. 2018, 126, 99—109.

(48) Fang, T.; Verma, V.; Bates, J. T.; Abrams, J.; Klein, M,;
Strickland, M. J.; Sarnat, S. E.; Chang, H. H.; Mulholland, J. A;
Tolbert, P. E,; Russell, A. G.; Weber, R. J. Oxidative potential of
ambient water-soluble PM in the southeastern United States:
contrasts in sources and health associations between ascorbic acid
(AA) and dithiothreitol (DTT) assays. Atmos Chem. Phys. 2016, 16
(6), 3865—3879.

(49) Weber, S.,; Uzu, G.; Calas, A.; Chevrier, F.; Besombes, J. L.;
Charron, A.; Salameh, D.; Jezek, I; Mocnik, G.; Jaffrezo, J. L. An
apportionment method for the oxidative potential of atmospheric
particulate matter sources: application to a one-year study in
Chamonix. France. Atmos Chem. Phys. 2018, 18 (13), 9617—9629.

(50) Doniselli, N.; Monzeglio, E.; Dal Palt, A.; Metli, A.; Percudani,
R. The identification of an integral membrane, cytochrome urate
oxidase completes the catalytic repertoire of a therapeutic enzyme. Sci.
Rep. 2015, §, 13798.

(51) Mudway, 1. S.; Stenfors, N.; Duggan, S. T.; Roxborough, H.;
Zielinski, H.; Marklund, S. L.; Blomberg, A.; Frew, A. J.; Sandstrom,
T.; Kelly, F. J. An in vitro and in vivo investigation of the effects of
diesel exhaust on human airway lining fluid antioxidants. Arch.
Biochem. Biophys. 2004, 423 (1), 200—212.

(52) Zielinski, H.; Mudway, L. S.; Bérubé, K. A; Murphy, S.;
Richards, R.; Kelly, F. J. Modeling the interactions of particulates with
epithelial lining fluid antioxidants. Am. J. Physiol-Lung C 1999, 277
(4), L719-L726.

(53) Pietrogrande, M. C.; Bertoli, I; Manarini, F.; Russo, M.
Ascorbate Assay as a Measure of Oxidative Potential for Ambient
Particles: Evidence for the Importance of Cell-free Surrogate Lung
Fluid Composition. Atmos. Environ. 2019, 211, 103—112.

(54) Charrier, J. G; Anastasio, C. Impacts of Antioxidants on
Hydroxyl Radical Production from Individual and Mixed Transition
Metals in a Surrogate Lung Fluid. Atmos. Environ. 2011, 45 (40),
7555—7562.

(55) Grange, S. K; Uzu, G.; Weber, S.; Jaffrezo, J. L.; Hueglin, C.
Linking Switzerland’s PM and PM Oxidative Potential (OP) with
Emission Sources. Atmos Chem. Phys. 2022, 22 (10), 7029—7050.

(56) Charrier, J. G.; Anastasio, C. On dithiothreitol (DTT) as a
Measure of Oxidative Potential for Ambient Particles: Evidence for
the Importance of Soluble Transition Metals. Atmos Chem. Phys.
2012, 12 (19), 9321-9333.

(57) Lin, P; Yu, J. Z. Generation of Reactive Oxygen Species
Mediated by Humic-like Substances in Atmospheric Aerosols.
Environ. Sci. Technol. 2011, 45 (24), 10362—10368.

(58) Pietrogrande, M. C.; Russo, M.; Zagatti, E. Review of PM
Oxidative Potential Measured with Acellular Assays in Urban and
Rural Sites across Italy. Atmosphere 2019, 10 (10), 626.

(59) Akhtar, U. S; McWhinney, R. D.; Rastogi, N.; Abbatt, J. P.;
Evans, G. J; Scott, J. A. Cytotoxic and Proinflammatory Effects of
Ambient and Source-related Particulate Matter (PM) in Relation to
the Production of Reactive Oxygen Species (ROS) and Cytokine
Adsorption by Particles. Inhal Toxicol 2010, 22 (sup2), 37—47.

(60) Velali, E.; Papachristou, E.; Pantazaki, A.; Choli-Papadopoulou,
T.; Planou, S.; Kouras, A.; Manoli, E.; Besis, A.; Voutsa, D.; Samara,
C. Redox Activity and in Vitro Bioactivity of the Water-soluble
Fraction of Urban Particulate Matter in Relation to Particle Size and
Chemical Composition. Environ. Pollut. 2016, 208, 774—786.

(61) Yang, A. L. Hellack, B; Leseman, D.; Brunekreef, B;
Kuhlbusch, T. A. J.; Cassee, F. R; Hoek, G.; Janssen, N. A. H.
Temporal and Spatial Variation of the Metal-related Oxidative

https://doi.org/10.1021/envhealth.4c00157
Environ. Health 2025, 3, 1-13


https://doi.org/10.1016/S1352-2310(96)00322-6
https://doi.org/10.1016/S1352-2310(96)00322-6
https://doi.org/10.1016/S1352-2310(96)00322-6
https://doi.org/10.1073/pnas.1920765117
https://doi.org/10.1073/pnas.1920765117
https://doi.org/10.1080/08958370701665517
https://doi.org/10.1080/08958370701665517
https://doi.org/10.1080/08958370701665517
https://doi.org/10.1021/acs.est.8b03430?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b03430?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b03430?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/acp-18-7863-2018
https://doi.org/10.5194/acp-18-7863-2018
https://doi.org/10.5194/acp-18-7863-2018
https://doi.org/10.5194/acp-18-7863-2018
https://doi.org/10.1016/j.freeradbiomed.2020.04.028
https://doi.org/10.1016/j.freeradbiomed.2020.04.028
https://doi.org/10.1016/j.mrgentox.2021.503415
https://doi.org/10.1016/j.mrgentox.2021.503415
https://doi.org/10.1016/j.mrgentox.2021.503415
https://doi.org/10.1016/j.mrgentox.2021.503415
https://doi.org/10.3390/atmos10120733
https://doi.org/10.3390/atmos10120733
https://doi.org/10.3390/atmos10120733
https://doi.org/10.3390/atmos12040464
https://doi.org/10.3390/atmos12040464
https://doi.org/10.1186/s12989-015-0082-8
https://doi.org/10.1186/s12989-015-0082-8
https://doi.org/10.1186/s12989-015-0082-8
https://doi.org/10.1016/j.jaerosci.2011.06.005
https://doi.org/10.1016/j.jaerosci.2011.06.005
https://doi.org/10.1016/j.jaerosci.2011.06.005
https://doi.org/10.1016/j.envint.2014.05.021
https://doi.org/10.1016/j.envint.2014.05.021
https://doi.org/10.1016/j.envint.2014.05.021
https://doi.org/10.1021/acs.est.9b06820?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b06820?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b06820?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/amt-12-6529-2019
https://doi.org/10.5194/amt-12-6529-2019
https://doi.org/10.3390/pr8111410
https://doi.org/10.3390/pr8111410
https://doi.org/10.1016/j.jaerosci.2018.08.011
https://doi.org/10.1016/j.jaerosci.2018.08.011
https://doi.org/10.1016/j.jaerosci.2018.08.011
https://doi.org/10.5194/acp-16-3865-2016
https://doi.org/10.5194/acp-16-3865-2016
https://doi.org/10.5194/acp-16-3865-2016
https://doi.org/10.5194/acp-16-3865-2016
https://doi.org/10.5194/acp-18-9617-2018
https://doi.org/10.5194/acp-18-9617-2018
https://doi.org/10.5194/acp-18-9617-2018
https://doi.org/10.5194/acp-18-9617-2018
https://doi.org/10.1038/srep13798
https://doi.org/10.1038/srep13798
https://doi.org/10.1016/j.abb.2003.12.018
https://doi.org/10.1016/j.abb.2003.12.018
https://doi.org/10.1152/ajplung.1999.277.4.L719
https://doi.org/10.1152/ajplung.1999.277.4.L719
https://doi.org/10.1016/j.atmosenv.2019.05.012
https://doi.org/10.1016/j.atmosenv.2019.05.012
https://doi.org/10.1016/j.atmosenv.2019.05.012
https://doi.org/10.1016/j.atmosenv.2010.12.021
https://doi.org/10.1016/j.atmosenv.2010.12.021
https://doi.org/10.1016/j.atmosenv.2010.12.021
https://doi.org/10.5194/acp-22-7029-2022
https://doi.org/10.5194/acp-22-7029-2022
https://doi.org/10.5194/acp-12-9321-2012
https://doi.org/10.5194/acp-12-9321-2012
https://doi.org/10.5194/acp-12-9321-2012
https://doi.org/10.1021/es2028229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es2028229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/atmos10100626
https://doi.org/10.3390/atmos10100626
https://doi.org/10.3390/atmos10100626
https://doi.org/10.3109/08958378.2010.518377
https://doi.org/10.3109/08958378.2010.518377
https://doi.org/10.3109/08958378.2010.518377
https://doi.org/10.3109/08958378.2010.518377
https://doi.org/10.1016/j.envpol.2015.10.058
https://doi.org/10.1016/j.envpol.2015.10.058
https://doi.org/10.1016/j.envpol.2015.10.058
https://doi.org/10.1016/j.atmosenv.2014.11.053
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

EVE

Potential of PM and its Relation to PM Mass and Elemental
Composition. Atmos. Environ. 2015, 102, 62—69.

(62) Tong, H. J.; Lakey, P. S. J.; Arangio, A. M.; Socorro, J.; Shen, F.
X.; Lucas, K.; Brune, W. H.; P6schl, U.; Shiraiwa, M. Reactive Oxygen
Species Formed by Secondary Organic Aerosols in Water and
Surrogate Lung Fluid. Environ. Sci. Technol. 2018, 52 (20), 11642—
11651.

(63) Ripley, S.;; Minet, L.; Zalzal, J; Godri Pollitt, K; Gao, D.;
Lakey, P. S]J.; Shiraiwa, M.; Maher, B. A.; Hatzopoulou, M,;
Weichenthal, S. Predicting Spatial Variations in Multiple Measures
of PM Oxidative Potential and Magnetite Nanoparticles in Toronto
and Montreal. Canada. Environ. Sci. Technol. 2022, 56 (11), 7256—
726S.

(64) Haifeng, L.; Yuwen, L.; Xiaomin, C.; Zhiyong, W.; Cunxin, W.
Effects of Sodium Phosphate Buffer on Horseradish Peroxidase
Thermal Stability. J. Therm Anal Calorim 2008, 93 (2), 569—574.

(65) Li, X. Y.; Kuang, X. B. M,; Yan, C. Q; Ma, S. X; Paulson, S. E,;
Zhu, T.; Zhang, Y. H.; Zheng, M. Oxidative Potential by PM in the
North China Plain: Generation of Hydroxyl Radical. Environ. Sci.
Technol. 2019, 53 (1), $12—520.

(66) Khoshnamvand, N.; Nodehi, R. N.; Hassanvand, M. S.;
Naddafi, K. Comparison Between Oxidative Potentials Measured of
Water-soluble Components in Ambient Air PM and PM of Tehran.
Iran. Air Qual Atmos Hlth 2023, 16 (7), 1311—1320.

(67) Gao, D.; Mulholland, J. A; Russell, A. G.; Weber, R. J.
Characterization of Water-insoluble Oxidative Potential of PM Using
the Dithiothreitol Assay. Atmos. Environ. 2020, 224, 117327.

(68) Yang, Y.; Battaglia, M. A; Mohan, M. K; Robinson, E. S;
DeCarlo, P. F,; Edwards, K. C.; Fang, T.; Kapur, S.; Shiraiwa, M,;
Cesler-Maloney, M.; Simpson, W. R.; Campbell, J. R;; Nenes, A,;
Mao, J.; Weber, R. J. Assessing the Oxidative Potential of Outdoor
PM(2.5) in Wintertime Fairbanks, Alaska. ACS EST Air 2024, 1 (3),
175—187.

(69) Ntziachristos, L.; Froines, J. R; Cho, A. K Sioutas, C.
Relationship Between Redox Activity and Chemical Speciation of
Size-fractionated Particulate Matter. Part Fibre Toxicol 2007, 4, S.

(70) Pietrogrande, M. C.; Colombi, C.; Cuccia, E.; Dal Santo, U.;
Romanato, L. Seasonal and Spatial Variations of the Oxidative
Properties of Ambient PM(2.5) in the Po Valley, Italy, before and
during COVID-19 Lockdown Restrictions. Int. J. Environ. Res. Public
Health 2023, 20 (3), 1797.

(71) Xing, C.; Wang, Y.; Yang, X.; Zeng, Y.; Zhai, J.; Cai, B.; Zhang,
A,; Fu, T. M,; Zhu, L;; Li, Y.; Wang, X,; Zhang, Y. Seasonal Variation
of Driving Factors of Ambient PM(2.5) Oxidative Potential in
Shenzhen, China. Sci. Total Environ. 2023, 862, 160771.

(72) Yu, Y.; Cheng, P.; Li, Y.; Gu, J.; Gong, Y.; Han, B,; Yang, W,;
Sun, J; Wu, C; Song, W,; Li, M. The Association of Chemical
Composition Particularly the Heavy Metals with the Oxidative
Potential of Ambient PM(2.5) in a Megacity (Guangzhou) of
Southern China. Environ. Res. 2022, 213, 113489.

(73) Li, J. M;; Zhao, S. M; Miao, Q. Y,; Wu, S. P.; Zhang, J;
Schwab, J. J. Changes in Source Contributions to the Oxidative
Potential of PM2.5 in Urban Xiamen, China. J. Environ. Sci. 2025,
149, 342—357.

(74) Deng, M,; Chen, D,; Zhang, G.; Cheng, H. Policy-driven
Variations in Oxidation Potential and Source Apportionment of PM
in Wuhan, Central China. Sci. Total Environ. 2022, 853, 158258.

(75) Campbell, S. J.; Wolfer, K.; Utinger, B.; Westwood, J.; Zhang,
Z. H.; Bukowiecki, N.; Steimer, S. S.; Vu, T. V,; Xu, J. S.; Straw, N;
Thomson, S.; Elzein, A.; Sun, Y. L.; Liu, D.; Lj, L. J.; Fu, P. Q.; Lewis,
A. C,; Harrison, R. M; Bloss, W. J.; Loh, M.; Miller, M. R.; Shi, Z. B,;
Kalberer, M. Atmospheric Conditions and Composition that
Influence PM Oxidative Potential in Beijing. China. Atmos Chem.
Phys. 2021, 21 (7), 5549—5573.

(76) Patel, A,; Rastogi, N. Oxidative Potential of Ambient Fine
Aerosol over a Semi-urban Site in the Indo-Gangetic Plain. Atmos.
Environ. 2018, 175, 127—134.

(77) Ahmad, M.; Yu, Q.; Chen, J.; Cheng, S. M.; Qin, W. H.; Zhang,
Y. P. Chemical Characteristics, Oxidative Potential, and Sources of

PM in Wintertime in Lahore and Peshawar. Pakistan. J. Environ. Sci.
2021, 102, 148—158.

(78) Lelieveld, S.; Wilson, J.; Dovrou, E.; Mishra, A; Lakey, P. S. J;
Shiraiwa, M.; Péschl, U.; Berkemeier, T. Hydroxyl Radical Production
by Air Pollutants in Epithelial Lining Fluid Governed by
Interconversion and Scavenging of Reactive Oxygen Species. Environ.
Sci. Technol. 2021, 55 (20), 14069—14079.

(79) Wei, J. L.; Fang, T.; Lakey, P. S. J.; Shiraiwa, M. Iron-Facilitated
Organic Radical Formation from Secondary Organic Aerosols in
Surrogate Lung Fluid. Environ. Sci. Technol. 2022, 56 (11), 7234—
7243.

(80) Fang, T.; Huang, Y.-K.; Wei, J.; Monterrosa Mena, J. E.; Lakey,
P. S. J; Kleinman, M. T.; Digman, M. A.; Shiraiwa, M. Superoxide
Release by Macrophages through NADPH Oxidase Activation
Dominating Chemistry by Isoprene Secondary Organic Aerosols
and Quinones to Cause Oxidative Damage on Membranes. Environ.
Sci. Technol. 2022, 56 (23), 17029—17038.

(81) Mishra, A.; Lelieveld, S.; Poschl, U.; Berkemeier, T. Multiphase
Kinetic Modeling of Air Pollutant Effects on Protein Modification and
Nitrotyrosine Formation in Epithelial Lining Fluid. Environ. Sci.
Technol. 2023, 57 (34), 12642—12653.

(82) Lelieveld, S.; Lelieveld, J.; Mishra, A.; Daiber, A.; Pozzer, A
Poschl, U.; Berkemeier, T. Endogenous Nitric Oxide Can Enhance
Oxidative Stress Caused by Air Pollutants and Explain Higher
Susceptibility of Individuals with Inflammatory Disorders. Environ. Sci.
Technol. 2024, 58 (4), 1823—1831.

(83) Heusinkveld, H. J.; Wahle, T.; Campbell, A.; Westerink, R. H.
S.; Tran, L.; Johnston, H.; Stone, V.; Cassee, F. R.; Schins, R. P. F.
Neurodegenerative and Neurological Disorders by Small Inhaled
Particles. Neurotoxicology 2016, 56, 94—106.

(84) Thiankhaw, K.; Chattipakorn, N.; Chattipakorn, S. C. PM2.5
Exposure in Association with AD-related Neuropathology and
Cognitive Outcomes. Environ. Pollut. 2022, 292, 118320.

(85) Wang, L.; Wei, L. Y.; Ding, R;; Feng, Y.; Li, D,; Li, C.; Malko,
P.; Mortadza, S. A. S.; Wu, W,; Yin, Y.; Jiang, L.-H. Predisposition to
Alzheimer’s and Age-Related Brain Pathologies by PM2.5 Exposure:
Perspective on the Roles of Oxidative Stress and TRPM2 Channel.
Front Physiol. 2020, 11, 158.

(86) Singh, S. A.; Suresh, S.; Vellapandian, C. Ozone-induced
neurotoxicity: In vitro and in vivo evidence. Ageing Res. Rev. 2023, 91,
10204S.

(87) AlKindi, S. G.; Brook, R. D, Biswal, S.; Rajagopalan, S.
Environmental Determinants of Cardiovascular Disease: Lessons
Learned From Air Pollution. Nat. Rev. Cardiol 2020, 17 (10), 656—
672.

(88) Kalpana Deepa Priya, D.; Gayathri, R.; Sakthisekaran, D. Role
of Sulforaphane in the Anti-initiating Mechanism of Lung Carcino-
genesis in Vivo by Modulating the Metabolic Activation and
Detoxification of Benzo(a)pyrene. Biomed Pharmacother 2011, 65
(1), 9-16.

(89) Zhang, Y.; Jiang, M.; Xiong, Y.; Zhang, L.; Xiong, A.; Wang, J;
He, X; Li, G. Integrated Analysis of ATAC-seq and RNA-seq Unveils
the Role of Ferroptosis in PM2.5-induced asthma exacerbation. Int.
Immunopharmacol 2023, 125, 111209.

(90) Hu, J. J; Zhou, R. X;; Ding, R;; Ye, D. W.; Su, Y. B. Effect of
PM,; air pollution on the global burden of lower respiratory
infections, 1990—2019: A systematic analysis from the Global Burden
of Disease Study. J. Hazard. Mater. 2023, 459, 132215.

(91) Wang, T.-H.; Huang, K.-Y.; Chen, C.-C.; Chang, Y.-H.; Chen,
H.-Y,; Hsueh, C; Liu, Y.-T.; Yang, S.-C.; Yang, P.-C; Chen, C.-Y.
PM2.5 Promotes Lung Cancer Progression Through Activation of the
AhR-TMPRSS2-IL18 pathway. Embo Mol. Med. 2023, 15 (6), e17014.

(92) Zhang, Y.; Ma, Y.; Feng, F.; Cheng, B.; Shen, J.; Wang, H.; Jiao,
H.; Li, M. Respiratory Mortality Associated with Ozone in China: A
Systematic Review and Meta-analysis*. Environ. Pollut. 2021, 280,
116957.

(93) Wu, C.; Zhang, Y.; Wei, J.; Zhao, Z.; Norback, D.; Zhang, X;
Lu, C; Yu, W,; Wang, T.; Zheng, X.; Zhang, L. Associations of Early-
Life Exposure to Submicron Particulate Matter With Childhood

https://doi.org/10.1021/envhealth.4c00157
Environ. Health 2025, 3, 1-13


https://doi.org/10.1016/j.atmosenv.2014.11.053
https://doi.org/10.1016/j.atmosenv.2014.11.053
https://doi.org/10.1021/acs.est.8b03695?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b03695?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b03695?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c05364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c05364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c05364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10973-007-8407-y
https://doi.org/10.1007/s10973-007-8407-y
https://doi.org/10.1021/acs.est.8b05253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b05253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11869-023-01343-y
https://doi.org/10.1007/s11869-023-01343-y
https://doi.org/10.1016/j.atmosenv.2020.117327
https://doi.org/10.1016/j.atmosenv.2020.117327
https://doi.org/10.1021/acsestair.3c00066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestair.3c00066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/1743-8977-4-5
https://doi.org/10.1186/1743-8977-4-5
https://doi.org/10.3390/ijerph20031797
https://doi.org/10.3390/ijerph20031797
https://doi.org/10.3390/ijerph20031797
https://doi.org/10.1016/j.scitotenv.2022.160771
https://doi.org/10.1016/j.scitotenv.2022.160771
https://doi.org/10.1016/j.scitotenv.2022.160771
https://doi.org/10.1016/j.envres.2022.113489
https://doi.org/10.1016/j.envres.2022.113489
https://doi.org/10.1016/j.envres.2022.113489
https://doi.org/10.1016/j.envres.2022.113489
https://doi.org/10.1016/j.jes.2024.02.003
https://doi.org/10.1016/j.jes.2024.02.003
https://doi.org/10.1016/j.scitotenv.2022.158255
https://doi.org/10.1016/j.scitotenv.2022.158255
https://doi.org/10.1016/j.scitotenv.2022.158255
https://doi.org/10.5194/acp-21-5549-2021
https://doi.org/10.5194/acp-21-5549-2021
https://doi.org/10.1016/j.atmosenv.2017.12.004
https://doi.org/10.1016/j.atmosenv.2017.12.004
https://doi.org/10.1016/j.jes.2020.09.014
https://doi.org/10.1016/j.jes.2020.09.014
https://doi.org/10.1021/acs.est.1c03875?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c03875?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c03875?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c03987?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c03987?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c03987?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c03987?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c03556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c03556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c03556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c07010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c07010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c07010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.neuro.2016.07.007
https://doi.org/10.1016/j.neuro.2016.07.007
https://doi.org/10.1016/j.envpol.2021.118320
https://doi.org/10.1016/j.envpol.2021.118320
https://doi.org/10.1016/j.envpol.2021.118320
https://doi.org/10.3389/fphys.2020.00155
https://doi.org/10.3389/fphys.2020.00155
https://doi.org/10.3389/fphys.2020.00155
https://doi.org/10.1016/j.arr.2023.102045
https://doi.org/10.1016/j.arr.2023.102045
https://doi.org/10.1038/s41569-020-0371-2
https://doi.org/10.1038/s41569-020-0371-2
https://doi.org/10.1016/j.biopha.2010.08.009
https://doi.org/10.1016/j.biopha.2010.08.009
https://doi.org/10.1016/j.biopha.2010.08.009
https://doi.org/10.1016/j.biopha.2010.08.009
https://doi.org/10.1016/j.intimp.2023.111209
https://doi.org/10.1016/j.intimp.2023.111209
https://doi.org/10.1016/j.jhazmat.2023.132215
https://doi.org/10.1016/j.jhazmat.2023.132215
https://doi.org/10.1016/j.jhazmat.2023.132215
https://doi.org/10.1016/j.jhazmat.2023.132215
https://doi.org/10.15252/emmm.202217014
https://doi.org/10.15252/emmm.202217014
https://doi.org/10.1016/j.envpol.2021.116957
https://doi.org/10.1016/j.envpol.2021.116957
https://doi.org/10.1001/jamanetworkopen.2022.36003
https://doi.org/10.1001/jamanetworkopen.2022.36003
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

EVE

Asthma and Wheeze in China. Jama Netw Open 2022, S (10),
€2236003.

(94) Natarajan, K; Meganathan, V.; Mitchell, C.; Boggaram, V.
Organic Dust Induces Inflammatory Gene Expression in Lung
Epithelial Cells via ROS-dependent STAT-3 Activation. Am. J.
Physiol-Lung C 2019, 317 (1), L127—L140.

(95) Poljsak, B.; Fink, R. The Protective Role of Antioxidants in the
Defence against ROS/RNS-Mediated Environmental Pollution. Owid
Med. Cell Longev. 2014, 2014, 671539.

(96) He, M.; Ichinose, T.; Yoshida, S.; Ito, T.; He, C. Y.; Yoshida, Y.;
Arashidani, K,; Takano, H.; Sun, G. F.; Shibamoto, T. PM2.5-induced
Lung Inflammation in Mice: Differences of Inflammatory Response in
Macrophages and type II Alveolar Cells. J. Appl. Toxicol 2017, 37
(10), 1203—1218.

(97) Hou, T.; Zhu, L; Wang, Y.; Peng, L. Oxidative Stress is the
Pivot for PM2.5-induced Lung Injury. Food Chem. Toxicol. 2024, 184,
114362.

(98) Li, R. Y;; Zhou, R; Zhang, J. G. Function of PM2.5 in the
Pathogenesis of Lung Cancer and Chronic Airway Inflammatory
Diseases (Review). Oncol Lett. 2018, 15 (5), 7506—7514.

(99) Voter, K. Z.; Whitin, J. C.; Torres, A.; Morrow, P. E.; Cox, C.;
Tsai, Y.; Utell, M. J.; Frampton, M. W. Ozone Exposure and the
Production of Reactive Oxygen Species by Bronchoalveolar Cells in
Humans. Inhal Toxicol 2001, 13 (6), 465—483.

(100) Encarnacién-Medina, J.; Rodriguez-Cotto, R. L; Bloom-
Oquendo, J; Ortiz-Martinez, M. G.; Duconge, J.; Jiménez-Vélez, B.
Selective ATP-Binding Cassette Subfamily C Gene Expression and
Proinflammatory Mediators Released by BEAS-2B after PM2.5,
Budesonide, and Cotreated Exposures. Mediat. Inflamm. 2017, 2017,
6827194.

(101) Dong, H.; Qiang, Z. Z.; Chai, D. D.; Peng, J. L.; Xia, Y. Y.; Hu,
R; Jiang, H. Nrf2 Inhibits Ferroptosis and Protects Against Acute
Lung Injury due to Intestinal Ischemia Reperfusion via Regulating
SLC7A11 and HO-1 (vol 12, pg 12948, 2020). Aging-Us 2023, 15
(19), 10811—10812.

(102) Gu, L. Z; Sun, H; Chen, J. H. Histone Deacetylases 3
Deletion Restrains PM2.5-induced Mice Lung Injury by Regulating
NE-«kB and TGF-f/Smad2/3 Signaling Pathways. Biomed Pharmac-
other 2017, 85, 756—762.

(103) Patial, S.; Saini, Y. Lung Macrophages: Current Under-
standing of Their Roles in Ozone-induced Lung Diseases. Crit Rev.
Toxicol 2020, 50 (4), 310—323.

(104) Miller, M. R.; Newby, D. E. Air Pollution and Cardiovascular
Disease: Car Sick. Cardiovasc. Res. 2019, 116 (2), 279—294.

(105) Sun, H.; Chen, X,; Huang, W.; Wei, J.; Yang, X.; Shan, A;
Zhang, L.; Zhang, H.; He, J,; Pan, C,; Li, J.; Wu, J.; Wang, T.; Chen,
J; Guo, Y,; Tong, S.; Dong, G.; Tang, N.-J. Association Between
Long-Term Exposure to PM2.5 Inorganic Chemical Compositions
and Cardiopulmonary Mortality: A 22-Year Cohort Study in
Northern China. Environment & Health 2024, 2, 530.

(106) Miller, K. A; Siscovick, D. S.; Sheppard, L.; Shepherd, K;
Sullivan, J. H,; Anderson, G. L.; Kaufman, J. D. Long-term Exposure
to Air Pollution and Incidence of Cardiovascular Events in Women.
New Engl ]. Med. 2007, 356 (S), 447—458.

(107) Chen, H; Goldberg, M. S.; Burnett, R. T.; Jerrett, M,;
Wheeler, A. J; Villeneuve, P. J. Long-Term Exposure to Traffic-
Related Air Pollution and Cardiovascular Mortality. Epidemiology
2013, 24 (1), 35—43.

(108) Cesaroni, G.; Forastiere, F.; Stafoggia, M.; Andersen, Z. J.;
Badaloni, C.; Beelen, R.; Caracciolo, B.; de Faire, U.; Erbel, R;
Eriksen, K. T.; Fratiglioni, L.; Galassi, C.; Hampel, R.; Heier, M,;
Hennig, F,; Hilding, A.; Hoffmann, B.; Houthuijs, D.; Jockel, K. H,;
Korek, M.; Lanki, T.; Leander, K.; Magnusson, P. K. E.; Migliore, E.;
Ostenson, C. G.; Overvad, K.; Pedersen, N. L.; Pekkanen, J. J.; Penell,
J.; Pershagen, G.; Pyko, A.; Raaschou-Nielsen, O.; Ranzi, A.; Ricceri,
F.; Sacerdote, C.; Salomaa, V.; Swart, W.; Turunen, A. W.; Vineis, P,;
Weinmayr, G.; Wolf, K;; de Hoogh, K,; Hoek, G.; Brunekreef, B,;
Peters, A. Long Term Exposure to Ambient Air Pollution and
Incidence of Acute Coronary Events: Prospective Cohort Study and

Meta-Analysis in 11 European Cohorts from the ESCAPE Project.
BMJ 2013, 348, £7412.

(109) Pope, C. A.; Muhlestein, J. B; May, H. T.; Renlund, D. G;
Anderson, J. L; Horne, B. D. Ischemic Heart Disease Events
Triggered by Short-term Exposure to Fine Particulate Air Pollution.
Circulation 2006, 114 (23), 2443—2448.

(110) Raza, A; Bellander, T.; Bero-Bedada, G.; Dahlquist, M.;
Hollenberg, J.; Jonsson, M.; Lind, T.; Rosenqvist, M.; Svensson, L.;
Ljungman, P. L. S. Short-term Effects of Air Pollution on Out-of-
hospital Cardiac Arrest in Stockholm. Eur. Heart J. 2014, 35 (13),
861—867.

(111) Watkins, A.; Danilewitz, M.; Kusha, M.; Massé, S.; Urch, B.;
Quadros, K.; Spears, D.; Farid, T.; Nanthakumar, K. Air Pollution and
Arrhythmic Risk: The Smog Is Yet to Clear. Can. J. Cardiol 2013, 29
(6), 734—741.

(112) Atkinson, R. W.; Carey, I. M.; Kent, A. J; van Staa, T. P.;
Anderson, H. R.; Cook, D. G. Long-Term Exposure to Outdoor Air
Pollution and Incidence of Cardiovascular Diseases. Epidemiology
2013, 24 (1), 44—53.

(113) Shah, A. S. V.; Langrish, J. P.; Nair, H,; McAllister, D. A;
Hunter, A. L; Donaldson, K; Newby, D. E,; Mills, N. L. Global
Association of Air Pollution and Heart Failure: A Systematic Review
and Meta-analysis. Lancet 2013, 382 (9897), 1039—1048.

(114) Low, R. B,; Bielory, L.; Qureshi, A. I; Dunn, V.; Stuhlmiller,
D. F. E; Dickey, D. A. The Relation of Stroke Admissions to Recent
Weather, Airborne Allergens, Air pollution, Seasons, Upper
Respiratory Infections, and Asthma Incidence, September 11, 2001,
and Day of the Week. Stroke 2006, 37 (4), 951—957.

(115) Shah, A. S. V.; Lee, K. K.; McAllister, D. A.; Hunter, A.; Nair,
H.; Whiteley, W.; Langrish, J. P.; Newby, D. E,; Mills, N. L. Short
Term Exposure to Air Pollution and Stroke: Systematic Teview and
Meta-analysis. BMJ 2015, 350, h1295.

(116) Xia, H,; Cheng, X.; Cao, M. X;; Sun, X. J.; He, F. Y,; Yao, X.
W.; Liu, H. T. Tetrahydroxystilbene Glucoside Attenuates Oxidative
Stress-Induced Aging by Regulating Oxidation Resistance and
Inflammation in Larval Zebrafish. Zebrafish 2023, 20 (2), S5—66.

(117) Hoffmann, B.; Moebus, S.; Kroger, K.; Stang, A;
Mghlenkamp, S.; Dragano, N.; Schmermund, A.; Memmesheimer,
M.,; Erbel, R; Jockel, K. H. Residential Exposure to Urban Air
Pollution, Ankle-Brachial Index, and Peripheral Arterial Disease.
Epidemiology 2009, 20 (2), 280—288.

(118) Peng, R. D.; Chang, H. H.; Bell, M. L.; McDermott, A.; Zeger,
S. L; Samet, J. M;; Dominici, F. Coarse Particulate Matter Air
Pollution and Hospital Admissions for Cardiovascular and Respira-
tory Diseases Among Medicare Patients. Jama-J. Am. Med. Assoc 2008,
299 (18), 2172—-2179.

(119) Baccarelli, A.; Martinelli, L; Pegoraro, V.; Melly, S.; Grillo, P.;
Zanobetti, A.; Hou, L.; Bertazzi, P. A.; Mannucci, P. M,; Schwartz, J.
Living Near Major Traffic Roads and Risk of Deep Vein Thrombosis.
Circulation 2009, 119, 3118.

(120) Burroughs Pefia, M.; Romero, K. M.; Velazquez, E. J.; Davila-
Roman, V. G.; Gilman, R. H.; Wise, R. A.; Miranda, J. J.; Checkley, W.
Relationship Between Daily Exposure to Biomass Fuel Smoke and
Blood Pressure in High-Altitude Peru. Hypertension 2015, 65 (S),
1134—1140.

(121) Liu, F.; Huang, Y. L.; Zhang, F.; Chen, Q.; Wy, B. Q; Rui, W,;
Zheng, J. L. C.; Ding, W. J. Macrophages Treated with Particulate
Matter PM Induce Selective Neurotoxicity through Glutaminase-
mediated Glutamate Generation. J. Neurochem 2015, 134 (2), 315—
326.

(122) Long, Y.-M,; Yang, X.-Z.; Yang, Q.-Q.; Clermont, A. C.; Yin,
Y-G; Liu, G.-L; Hu, L-G; Liu, Q; Zhou, Q.-F; Liu, Q. S;; Ma, Q.-
C.; Liu, Y.-C,; Cai, Y. PM2.5 Induces Vascular Permeability Increase
through Activating MAPK/ERK Signaling Pathway and ROS
Generation. J. Hazard Mater. 2020, 386, 121659.

(123) Xia, B.; Zhou, Y. H,; Zhu, Q. Y.; Zhao, Y. Y.; Wang, Y.; Ge, W.
Z.; Yang, Q.; Zhao, Y.; Wang, P. P; Si, J. Y.; Luo, R. R;; Lj, J. L.; Shi,
H. J.; Zhang, Y. H. Personal Exposure to PM Constituents Associated

https://doi.org/10.1021/envhealth.4c00157
Environ. Health 2025, 3, 1-13


https://doi.org/10.1001/jamanetworkopen.2022.36003
https://doi.org/10.1152/ajplung.00448.2018
https://doi.org/10.1152/ajplung.00448.2018
https://doi.org/10.1155/2014/671539
https://doi.org/10.1155/2014/671539
https://doi.org/10.1002/jat.3482
https://doi.org/10.1002/jat.3482
https://doi.org/10.1002/jat.3482
https://doi.org/10.1016/j.fct.2023.114362
https://doi.org/10.1016/j.fct.2023.114362
https://doi.org/10.3892/ol.2018.8355
https://doi.org/10.3892/ol.2018.8355
https://doi.org/10.3892/ol.2018.8355
https://doi.org/10.1080/08958370151131837
https://doi.org/10.1080/08958370151131837
https://doi.org/10.1080/08958370151131837
https://doi.org/10.1155/2017/6827194
https://doi.org/10.1155/2017/6827194
https://doi.org/10.1155/2017/6827194
https://doi.org/10.18632/aging.205167
https://doi.org/10.18632/aging.205167
https://doi.org/10.18632/aging.205167
https://doi.org/10.1016/j.biopha.2016.11.094
https://doi.org/10.1016/j.biopha.2016.11.094
https://doi.org/10.1016/j.biopha.2016.11.094
https://doi.org/10.1080/10408444.2020.1762537
https://doi.org/10.1080/10408444.2020.1762537
https://doi.org/10.1093/cvr/cvz228
https://doi.org/10.1093/cvr/cvz228
https://doi.org/10.1021/envhealth.4c00020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/envhealth.4c00020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/envhealth.4c00020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/envhealth.4c00020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1056/NEJMoa054409
https://doi.org/10.1056/NEJMoa054409
https://doi.org/10.1097/EDE.0b013e318276c005
https://doi.org/10.1097/EDE.0b013e318276c005
https://doi.org/10.1136/bmj.f7412
https://doi.org/10.1136/bmj.f7412
https://doi.org/10.1136/bmj.f7412
https://doi.org/10.1161/CIRCULATIONAHA.106.636977
https://doi.org/10.1161/CIRCULATIONAHA.106.636977
https://doi.org/10.1093/eurheartj/eht489
https://doi.org/10.1093/eurheartj/eht489
https://doi.org/10.1016/j.cjca.2012.09.005
https://doi.org/10.1016/j.cjca.2012.09.005
https://doi.org/10.1097/EDE.0b013e318276ccb8
https://doi.org/10.1097/EDE.0b013e318276ccb8
https://doi.org/10.1016/S0140-6736(13)60898-3
https://doi.org/10.1016/S0140-6736(13)60898-3
https://doi.org/10.1016/S0140-6736(13)60898-3
https://doi.org/10.1161/01.STR.0000214681.94680.66
https://doi.org/10.1161/01.STR.0000214681.94680.66
https://doi.org/10.1161/01.STR.0000214681.94680.66
https://doi.org/10.1161/01.STR.0000214681.94680.66
https://doi.org/10.1136/bmj.h1295
https://doi.org/10.1136/bmj.h1295
https://doi.org/10.1136/bmj.h1295
https://doi.org/10.1089/zeb.2022.0045
https://doi.org/10.1089/zeb.2022.0045
https://doi.org/10.1089/zeb.2022.0045
https://doi.org/10.1097/EDE.0b013e3181961ac2
https://doi.org/10.1097/EDE.0b013e3181961ac2
https://doi.org/10.1001/jama.299.18.2172
https://doi.org/10.1001/jama.299.18.2172
https://doi.org/10.1001/jama.299.18.2172
https://doi.org/10.1161/CIRCULATIONAHA.108.836163
https://doi.org/10.1161/HYPERTENSIONAHA.114.04840
https://doi.org/10.1161/HYPERTENSIONAHA.114.04840
https://doi.org/10.1111/jnc.13135
https://doi.org/10.1111/jnc.13135
https://doi.org/10.1111/jnc.13135
https://doi.org/10.1016/j.jhazmat.2019.121659
https://doi.org/10.1016/j.jhazmat.2019.121659
https://doi.org/10.1016/j.jhazmat.2019.121659
https://doi.org/10.1016/j.envpol.2019.04.024
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

EVE

with Gestational Blood Pressure and Endothelial Dysfunction.
Environ. Pollut. 2019, 250, 346—356.

(124) Liang, S.; Zhao, T.; Hu, H. J; Shi, Y. F,; Xu, Q;; Miller, M. R;;
Duan, J. C; Sun, Z. W. Repeat Dose Exposure of PM Triggers the
Disseminated Intravascular Coagulation (DIC) in SD Rats. Sci. Total
Environ. 2019, 663, 245—253.

(125) Zhu, H.; Wy, Y.; Kuang, X; Liu, H.; Guo, Z.; Qian, J.; Wang,
D.; Wang, M,; Chu, H; Gong, W.,; Zhang, Z. Effect of PM2.5
Exposure on Circulating Fibrinogen and IL-6 Levels: A Systematic
Review and Meta-analysis. Chemosphere 2021, 271, 129565.

(126) Liang, C; Ding, R; Sun, Q; Liu, S; Sun, Z; Duan, J. An
Overview of Adverse Outcome Pathway Links between PM2.5
Exposure and Cardiac Developmental Toxicity. Environment & Health
2024, 2 (3), 105—113.

(127) Rui, W.; Guan, L. F; Zhang, F.; Zhang, W.; Ding, W. J. PM-
induced Oxidative Stress Increases Adhesion Molecules Expression in
Human Endothelial Cells through the ERK/AKT /NF-kB-dependent
Pathway. J. Appl. Toxicol 2016, 36 (1), 48—59.

(128) Song, J.; Zhu, J.; Tian, G.; Li, H.; Li, H.; An, Z,; Jiang, J.; Fan,
W.; Wang, G.; Zhang, Y.; Wu, W. Short time exposure to ambient
ozone and associated cardiovascular effects: A panel study of healthy
young adults. Environ. Int. 2020, 137, 105579.

(129) Bind, M. A,; Baccarelli, A.; Zanobetti, A.; Tarantini, L.; Suh,
H.; Vokonas, P.; Schwartz, J. Air Pollution and Markers of
Coagulation, Inflammation, and Endothelial Function -. Epidemiology
2012, 23 (2), 332—340.

(130) Wang, W.; Zhang, W.; Hu, D.; Li, L.; Cui, L,; Liy, J.; Liu, S,;
Xu, J.; Wu, S.; Deng, F; Guo, X. Short-term Ozone Exposure and
Metabolic Status in Metabolically Healthy Obese and Normal-weight
Young Adults: A Viewpoint of Inflammatory Pathways. J. Hazard
Mater. 2022, 424, 127462.

(131) Dauchet, L; Hulo, S.; Cherot-Kornobis, N.; Matran, R.;
Amouyel, P.; Edmé, J.-L.; Giovannelli, J. Short-term Exposure to Air
Pollution: Associations with Lung Function and Inflammatory
Markers in Non-smoking, Healthy Adults. Environ. Int. 2018, 121,
610—619.

(132) Mirowsky, J. E.; Carraway, M. S.; Dhingra, R.; Tong, H.; Neas,
L.; Diaz-Sanchez, D.; Cascio, W.; Case, M.; Crooks, J.; Hauser, E. R;;
Elaine Dowdy, Z.; Kraus, W. E.; Devlin, R. B. Ozone Exposure is
Associated with Acute Changes in Inflammation, Fibrinolysis, and
Endothelial Cell Function in Coronary Artery Disease Patients.
Environ. Health 2017, 16, 126.

(133) Devlin, R. B,; Duncan, K. E.; Jardim, M.; Schmitt, M. T.;
Rappold, A. G.; Diaz-Sanchez, D. Controlled Exposure of Healthy
Young Volunteers to Ozone Causes Cardiovascular Effects.
Circulation 2012, 126 (1), 104—111.

(134) Xia, Y.; Niu, Y,; Cai, J.; Liu, C.; Meng, X; Chen, R;; Kan, H.
Acute Effects of Personal Ozone Exposure on Biomarkers of
Inflammation, Oxidative Stress, and Mitochondrial Oxidative
Damage-Shanghai Municipality, China, May-October 2016. China
CDC Weekly 2021, 3 (45), 954.

(135) Block, M. L.; Elder, A.; Auten, R. L.; Bilbo, S. D.; Chen, H. L.;
Chen, J. C; Cory-Slechta, D. A,; Costa, D.; Diaz-Sanchez, D;
Dorman, D. C,; Gold, D. R;; Gray, K; Jeng, H. A;; Kaufman, J. D ;
Kleinman, M. T.; Kirshner, A.; Lawler, C.; Miller, D. S.; Nadadur, S.
S.; Ritz, B.; Semmens, E. O.; Tonelli, L. H.; Veronesi, B.; Wright, R.
O.,; Wright, R. J. The Outdoor Air Pollution and Brain Health
Workshop. Neurotoxicology 2012, 33 (S), 972—984.

(136) Kirrane, E. F.; Bowman, C.; Davis, J. A.; Hoppin, J. A.; Blair,
A.; Chen, H. L,; Patel, M. M,; Sandler, D. P.; Tanner, C. M,
Vinikoor-Imler, L.; Ward, M. H.; Luben, T. J.; Kamel, F. Associations
of Ozone and PM Concentrations With Parkinson’s Disease Among
Participants in the Agricultural Health Study. J. Occup Environ. Med.
2015, 57 (S), 509-517.

(137) Calderén-Garciduefas, L.; Vojdani, A.; Blaurock-Busch, E.;
Busch, Y.; Friedle, A; Franco-Lira, M.; Sarathi-Mukherjee, P;
Martinez-Aguirre, X.; Park, S. B.; Torres-Jardon, R.; D’Angiulli, A.
Air Pollution and Children: Neural and Tight Junction Antibodies
and Combustion Metals, the Role of Barrier Breakdown and Brain

Immunity in Neurodegeneration. J. Alzheimers Dis 2014, 43 (3),
1039—-10S8.

(138) Calderén-Garciduefias, L.; Serrano-Sierra, A.; Torres-Jardén,
R; Zhy, H. T.; Yuan, Y.; Smith, D.; Delgado-Chavez, R.; Cross, J. V.;
Medina-Cortina, H.; Kavanaugh, M.; Guilarte, T. R. The Impact of
Environmental Metals in Young Urbanites” Brains. Exp Towxicol Pathol
2013, 65 (5), 503—511.

(139) Liy, Y,; Zhang, L.; Wang, J.; Sui, X,; Li, J.; Gui, Y.; Wang, H.;
Zhao, Y.; Xu, Y.; Cao, W.,; Wang, P.; Zhang, Y. Prenatal PM2.5
Exposure Associated with Neonatal Gut Bacterial Colonization and
Early Children’s Cognitive Development. Environment & Health
2024, 1.

(140) Zeng, W.; Zhang, Y.; Wang, L.; Wei, Y.; Lu, R; Xia, J.; Chai,
B.; Liang, X. Ambient Fine Particulate Pollution and Daily Morbidity
of Stroke in Chengdu, China. PLoS One 2018, 13 (11), e0206836.

(141) Suissa, L.; Fortier, M.; Lachaud, S.; Staccini, P.; Mahagne, M.-
H. Ozone Air Pollution and Ischaemic Stroke Occurrence: A Case-
crossover Study in Nice, France. BMJ Open 2013, 3 (12), e004060.

(142) Block, M. L.; Calderén-Garciduefias, L. Air Pollution:
Mechanisms of Neuroinflammation and CNS Disease. Trends
Neurosci 2009, 32 (9), 506—516.

(143) Abbaszadeh, S.; Tabary, M.; Aryannejad, A.; Abolhasani, R;;
Araghi, F.; Khaheshi, I; Azimi, A. Air Pollution and Multiple
Sclerosis: A Comprehensive Review. Neurol Sci. 2021, 42 (10), 4063—
4072.

(144) Coburn, J. L; Cole, T. B,; Dao, K. T.; Costa, L. G. Acute
Exposure to Diesel Exhaust Impairs Adult Neurogenesis in Mice:
Prominence in Males and Protective Effect of Pioglitazone. Arch.
Toxicol. 2018, 92 (5), 1815—1829.

(145) Calderén-Garciduenas, L.; Calderén-Garciduedias, A.; Torres-
Jardén, R; Avila-Ramirez, J.; Kulesza, R. J; Angiulli A. D. Air
Pollution and Your Brain: What Do You Need to Know Right now.
Prim Health Care Res. 2015, 16 (4), 329—34S.

(146) Woodward, N. C.; Pakbin, P.; Saffari, A.; Shirmohammadi, F.;
Haghani, A,; Sioutas, C.; Cacciottolo, M.; Morgan, T. E.; Finch, C. E.
Traffic-related Air Pollution Impact on Mouse Brain Accelerates
Myelin and Neuritic Aging Changes with Specificity for CAl
Neurons. Neurobiol Aging 2017, 53, 48—58.

(147) Wang, J.; Ma, T. F.; Ma, D.; Li, H. M,; Hua, L.; He, Q;; Deng,
X. B. The Impact of Air Pollution on Neurodegenerative Diseases.
Ther Drug Monit 2021, 43 (1), 69—78.

(148) Das, M.; Babu, K.; Reddy, N. P.; Srivastava, L. M. Oxidative
Damage of Plasma Proteins and Lipids in Epidemic Dropsy Patients:
Alterations in Antioxidant Status. Bba-Gen Subjects 2005, 1722 (2),
209-217.

(149) Rivas-Arancibia, S.; Miranda-Martinez, A.; Rodriguez-
Martinez, E.; Herndndez-Orozco, E.; Valdés-Fuentes, M.; De la
Rosa-sierra, R. Ozone Environmental Pollution: Relationship between
the Intestine and Neurodegenerative Diseases. Antioxidants 2023, 12
(7), 1323.

(150) Nery-Flores, S. D.; Ramirez-Herrera, M. A,; Mendoza-
Magaifia, M. L,; Romero-Prado, M. M. D.; Ramirez-Vézquez, J. D,;
Baniuelos-Pineda, J.; Espinoza-Gutiérrez, H. A.; Ramirez-Mendoza, A.
A.; Tostado, M. C. Dietary Curcumin Prevented Astrocytosis,
Microgliosis, and Apoptosis Caused by Acute and Chronic Exposure
to Ozone. Molecules 2019, 24 (15), 2839.

(151) Zhao, J.; Lv, Z,; Qi, L.; Zhao, B.; Deng, F.; Chang, X.; Wang,
X.; Luo, Z.; Zhang, Z.; Xu, H,; Ying, Q;; Wang, S.; He, K;; Liu, H.
Comprehensive Assessment for the Impacts of S/IVOC Emissions
from Mobile Sources on SOA Formation in China. Environ. Sci.
Technol. 2022, 56, 16695.

(152) Friedman, C.; Dabelea, D.; Glueck, D. H.; Allshouse, W. B.;
Adgate, J. L.; Keller, K. P.; Martenies, S. E.; Magzamen, S.; Starling, A.
P. Early-life Exposure to Residential Black Carbon and Childhood
Cardiometabolic Health. Environ. Res. 2023, 239, 117285.

(153) Guo, H. B;; Jin, L.; Huang, S. J. Effect of PM Characterization
on PM Oxidative Potential by Acellular Assays: A Review. Rev.
Environ. Health 2020, 35 (4), 461—470.

https://doi.org/10.1021/envhealth.4c00157
Environ. Health 2025, 3, 1-13


https://doi.org/10.1016/j.envpol.2019.04.024
https://doi.org/10.1016/j.scitotenv.2019.01.346
https://doi.org/10.1016/j.scitotenv.2019.01.346
https://doi.org/10.1016/j.chemosphere.2021.129565
https://doi.org/10.1016/j.chemosphere.2021.129565
https://doi.org/10.1016/j.chemosphere.2021.129565
https://doi.org/10.1021/envhealth.3c00143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/envhealth.3c00143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/envhealth.3c00143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jat.3143
https://doi.org/10.1002/jat.3143
https://doi.org/10.1002/jat.3143
https://doi.org/10.1002/jat.3143
https://doi.org/10.1016/j.envint.2020.105579
https://doi.org/10.1016/j.envint.2020.105579
https://doi.org/10.1016/j.envint.2020.105579
https://doi.org/10.1097/EDE.0b013e31824523f0
https://doi.org/10.1097/EDE.0b013e31824523f0
https://doi.org/10.1016/j.jhazmat.2021.127462
https://doi.org/10.1016/j.jhazmat.2021.127462
https://doi.org/10.1016/j.jhazmat.2021.127462
https://doi.org/10.1016/j.envint.2018.09.036
https://doi.org/10.1016/j.envint.2018.09.036
https://doi.org/10.1016/j.envint.2018.09.036
https://doi.org/10.1186/s12940-017-0335-0
https://doi.org/10.1186/s12940-017-0335-0
https://doi.org/10.1186/s12940-017-0335-0
https://doi.org/10.1161/CIRCULATIONAHA.112.094359
https://doi.org/10.1161/CIRCULATIONAHA.112.094359
https://doi.org/10.46234/ccdcw2021.232
https://doi.org/10.46234/ccdcw2021.232
https://doi.org/10.46234/ccdcw2021.232
https://doi.org/10.1016/j.neuro.2012.08.014
https://doi.org/10.1016/j.neuro.2012.08.014
https://doi.org/10.1097/JOM.0000000000000451
https://doi.org/10.1097/JOM.0000000000000451
https://doi.org/10.1097/JOM.0000000000000451
https://doi.org/10.3233/JAD-141365
https://doi.org/10.3233/JAD-141365
https://doi.org/10.3233/JAD-141365
https://doi.org/10.1016/j.etp.2012.02.006
https://doi.org/10.1016/j.etp.2012.02.006
https://doi.org/10.1021/envhealth.4c00050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/envhealth.4c00050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/envhealth.4c00050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1371/journal.pone.0206836
https://doi.org/10.1371/journal.pone.0206836
https://doi.org/10.1136/bmjopen-2013-004060
https://doi.org/10.1136/bmjopen-2013-004060
https://doi.org/10.1016/j.tins.2009.05.009
https://doi.org/10.1016/j.tins.2009.05.009
https://doi.org/10.1007/s10072-021-05508-4
https://doi.org/10.1007/s10072-021-05508-4
https://doi.org/10.1007/s00204-018-2180-5
https://doi.org/10.1007/s00204-018-2180-5
https://doi.org/10.1007/s00204-018-2180-5
https://doi.org/10.1017/S146342361400036X
https://doi.org/10.1017/S146342361400036X
https://doi.org/10.1016/j.neurobiolaging.2017.01.007
https://doi.org/10.1016/j.neurobiolaging.2017.01.007
https://doi.org/10.1016/j.neurobiolaging.2017.01.007
https://doi.org/10.1097/FTD.0000000000000818
https://doi.org/10.1016/j.bbagen.2004.12.014
https://doi.org/10.1016/j.bbagen.2004.12.014
https://doi.org/10.1016/j.bbagen.2004.12.014
https://doi.org/10.3390/antiox12071323
https://doi.org/10.3390/antiox12071323
https://doi.org/10.3390/molecules24152839
https://doi.org/10.3390/molecules24152839
https://doi.org/10.3390/molecules24152839
https://doi.org/10.1021/acs.est.2c07265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c07265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.envres.2023.117285
https://doi.org/10.1016/j.envres.2023.117285
https://doi.org/10.1515/reveh-2020-0003
https://doi.org/10.1515/reveh-2020-0003
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health pubs.acs.org/EnvHealth

REVIE

(154) Skou, J. C. Enzymatic Basis for Active-Transport of Na+ and
K+ across Cell-Membrane. Physiol Rev. 1965, 45, 596—617.

(155) Ong, 1. L. H; Amstad, E. Selectively Permeable Double
Emulsions. Small 2019, 15 (44), 1903054.

(156) Li, Y.,; Zhang, W.; Niu, J; Chen, Y. Mechanism of
Photogenerated Reactive Oxygen Species and Correlation With the
Antibacterial Properties of Engineered Metal-oxide Nanoparticles.
ACS Nano 2012, 6 (6), 5164—73.

https://doi.org/10.1021/envhealth.4c00157
Environ. Health 2025, 3, 1-13


https://doi.org/10.1152/physrev.1965.45.3.596
https://doi.org/10.1152/physrev.1965.45.3.596
https://doi.org/10.1002/smll.201903054
https://doi.org/10.1002/smll.201903054
https://doi.org/10.1021/nn300934k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn300934k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn300934k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

