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A B S T R A C T

Particulate matter (PM), ubiquitous in indoor and outdoor air parcels, is an environmental hazard and poses a 
risk to human health. The proclivity for PM to be continuously inhaled is what leads to adverse human outcomes. 
This is because often if not always, PM is chemically laden with toxins. The scientific literature is impressively 
growing with studies in vitro and in vivo that probe PM-induced cellular deaths, resulting in improved knowl
edge of disease onset. New cell death mechanisms are being proposed, including revisions of canonical defini
tions (e.g., necrosis). It is helpful in our view if the current knowledge of the processes within a cell initiated by 
PM insults and leading to cell death are summarized and supplemented to the literature. Such a summary should 
highlight proteins that act as death activators or gatekeepers in a given affected transduction pathway. Addi
tionally, this summary should discern how PM dose can promote cell death versus lead to signaling that restores 
cell function. The result should underscore cell resiliency and provide insight on therapeutic strategies. To this 
end, the objective of this review is to present reception, transduction, and the response of a cell to PM exposure. 
We emphasize cellular transduction pathways that have been reported by the literature as impacted significantly 
by PM uptake (that would otherwise occur during homeostasis in a well-regulated manner) and the resulting 
defined cell deaths: autophagy, apoptosis, necrosis, and cuproptosis. We find that while reactive oxygen species 
(ROS) and subsequent inflammatory cytokine release are commonly studied and subject to therapeutic research, 
damage to organelles such as the mitochondrion (and leading to mitophagy) is receiving equivalent attention as 
attractive research targets. We conclude the review by scaling cell death to organ or organism pathophysiology 
and the importance of a genetic mutations for burden of PM-induced disease. That is, while air pollution or PM 
might not directly cause mutations, it can be a driver by creating an environment within the cell that favors the 
growth and progression of cells with these mutations.
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As of 2016, air pollution is the second highest risk factor for non
communicable diseases with cardiovascular diseases being the leading 
driver followed by chronic respiratory diseases [1]. Particulate matter 
(PM) refers to airborne particles ranging from solid to liquid typically no 
larger than a few tens of micrometers, thus remaining airborne long 
enough to become a component of the surrounding air parcel, that 
significantly contribute to air pollution. As such, PM represents a very 
mobile environmental component and often times an inhalation hazard. 

From a regulatory or exposure monitoring metric, PM is classified into 
three categories based on aerodynamic diameter: < 10 μm (PM10), < 2.5 
μm (PM2.5), and < 1 μm (PM1). However, when consdiering inhalation 
hazards, it is common to re-classify the three catgories as coarse (10 μm - 
2.5 μm), fine (2.5 μm - 0.01 μm), and ultrafine (< 0.01 μm). Perhaps the 
most widely recognized category is PM2.5 for its measurement feasibility 
and calculable mortality burden, latter for which ranges from approxi
mately 1 to 5 million annual premature deaths according to recent es
timates [2–4]. The noncommunicable diseases (that eventually lead to 
these premature deaths) associated with PM2.5 exposure include car
diovascular diseases, strokes, chronic obstructive pulmonary disease 
(COPD), lower respiratory diseases, and lung cancer [5].
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At the cellular level, the cytotoxic effects of PM can be divided into 
long- and short-term depending on symptoms, impairment of lung 
function, and need for hospitalization. Unresolved though is etiology of 
PM-related diseases, largely, due to the multitude of sources, complex 
flux of PM formation, chemical and physical alteration (such as atmo
spheric aging or aggregation through coagulation), and loss from cir
culation. The challenge associated with relating a component of PM to a 
specific disease is further complicated by climate change, changing so
cietal behavior, and large-scale anthropogenic activity such as mining 
and agriculture. This underscores the importance for research on spe
cific at-risk populations [6–10].

Inhalable PM is defined as the fraction of total suspended PM that 
enters the nasal and oral cavities and deposit in the pulmonary system 
[11]. Each individual particulate then, depending on its size, either 
deposits in different regions of the lung or is exhaled. The fraction that 
ultimately deposits is called the deposition fraction. Taken together, this 
narrows the set of PM that is relevant to inhalation exposure. This 
relevant set can then be segregated into subsets. Three such subsets are 
typically discussed when modeling regional or local deposition: the 
fractions that deposits in the head region, conducting airways, and gas 
exchange region [12–14]. Each region has an associated dominant 
aerosol deposition mechanism, not discussed further in this review. 
Relevant to this review is that the local or regional deposition along the 
respiratory tract affects disease progression within the host species. 
Lung deposition models suggest very large (PM10) and very small 
(<PM0.01) aerosols are lost to the head region, implying that PM2.5 and 
PM1 are the PM sets that pose significant risk to lung function [15]. Once 
in the alveolar region, some constituents can translocate across the 
gas-blood barrier and enter systemic circulation [16,17]. Translocation 
mechanisms range from diffusion of constituents the size of large bio
molecules to tight junction disruption, and are beyond the scope of this 
review. Although alveolar deposition has far-reaching consequences to 
pathogenesis beyond the pulmonary system, recent work suggests the 
largest deposition site of inhaled PM2.5 and PM1 in the acinar region is 
the small airways [17–20]. Thus, distal airway insults become a relevant 
injury mechanism for lung disease.

The airway epithelium is the first location of interaction between PM 
and the human body. As such, the development of advanced in vitro 
models using pulmonary epithelial cells is gaining traction [21]. The 
airway epithelium is pseudostratified, highly differentiated, known for 
tight junctions, and the respective makeup of cell types (including 
epithelial, goblet, basal, club, and others to a minor extent) changes in 
each region of the respiratory system, from the nose to the alveoli [22]. 
Importantly, the upper airway contains mucus and cartilage whereas the 
lower airway contains smooth muscle and macrophages [23,24]. This 
distinction is important as PM removal mechanisms differ. In proximal 
airways, mucus, a sticky, viscous fluid containing mucins and highly 
glycosylated proteins, lines the airway epithelium and in conjunction 
with ciliary beating has the function to protect the human body by 
trapping, moving, and ejecting (through breathing, coughing, or 
sneezing) PM. This process is called mucociliary clearance [25]. In the 
distal airway epithelium, such as alveolar ducts, alveolar macrophages 
engulf PM during phagocytosis, and if the immune response activated 
thereafter is adequate, PM is metabolized and excreted [26]. A problem 
arises when the dose or component of PM frustrates any two of these 
physiological processes thereby initiating disease.
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A limiting factor in our current knowledge of lung pathogenesis 
stemming from PM exposure is the biological response leading to cyto
toxicity: from the activation of cellular response pathways, to cellular 
homeostasis disruption, and ultimately cell death. The purpose of this 
review is to summarize the current knowledge of the biological response 
at the cellular level resulting from a PM insult and briefly scaling that to 
what occurs when PM resides in the lung and ultimately leads to a 

diseased state of the pulmonary system. We place special emphasis on 
pathways towards cell death including recent discoveries and proposed 
cell death mechanisms that might become relevant to clinical outcomes 
and significantly supplement our knowledge of pathogenesis and path
ophysiology as it stands currently. To provide context within the 
signaling pathway, we discuss also reception and transduction. The in
clusion criteria for studies that support this purpose are recency and 
administration of a substance beyond pure compound (i.e., real PM, lab- 
generated PM, or commercially available nanoparticles). The inclusion 
criteria for previous reviews are historical context, updates, and sup
plemental reading for topics of interest related but beyond the purpose 
of this review. We hope this review increases the visibility of such 
pathways to the scientific community.

The scope of this review is limited to cell death, not cell survival, 
therefore we limit discussion on immune responses and multi-tissue 
signaling. However, we believe it is important to include discussion on 
inflammation and provide the reader with understanding that, gener
ally, PM-induced inflammation (systemic or local) is inevitable at the 
organism scale. We do so from a toxicology perspective and not an 
immunology one, that is, how exposure to PM can induce an inflam
matory response, and not what that response looks like. Therefore, the 
inclusion criteria for studies that support this scope are an explicitly 
stated nominal PM dose, a measurable endpoint of cell death, a 
measurable inflammatory response, and an explicit reference to a signal 
transduction pathway.

The structure of this review is based on direct and indirect effects. We 
begin by addressing the paradigm that PM is spatially and temporally 
uniform. This section is relevant in our view as it brings the aerosol and 
medical communities together on common misnomers. We then provide 
an overview of how a cell recognizes a foreign body and begins the 
process of metabolism and excretion. Because modern PM contains 
compounds novel to the human body, their metabolism ultimately leads 
to unintended consequences including organelle damage, stasis disrup
tion, inflammation, and epigenetic alterations. It is, as we present, 
during metabolism that an abnormal process begins; as cells try to sur
vive, they eventually fail, and through different avenues reach the same 
fate, death. These are avenues that go beyond autophagy and apoptosis. 
We conclude the review with a brief summary of known (pulmonary) 
clinical outcomes of PM exposures, including lung cancer, with 
emphasis on the relevance of Kirsten rat sarcoma virus (KRAS) and 
Epidermal Growth Factor Receptor (EGFR) oncogenes in the context of 
random mutations versus those induced by air pollution.
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Reviews already exist that highlight heterogeneity of PM [27–31]. 
Reading of these reviews can be supplemented with the reading of the 
many case studies, available in the literature and not listed herein, that 
associate health outcomes with ambient PM, emphasizing its spatial and 
temporal variability. An acceptable conclusion from reading the reviews 
is that atmospheric PM is complex. An acceptable conclusion from 
reading case studies is that PM complexity is tied to health outcomes. To 
keep in line with our scope, in this review, we limit modeling PM as an 
abiotic mixture.

Physically, PM can present itself with a range of fractal structures, 
glassiness/viscosity, and porosity. Chemically, it can be comprised in 
equal parts by myriad species (e.g., urban aerosols) or one (e.g., in
dustrial manufacturing), as either a core-shell or uniform mixture. 
Optically, it ranges from very scattering to very absorbing. As a popu
lation, it can be classified as internally or externally mixed, a topic that 
has gained recent attention by aerosol scientists when reconciling 
measurements to models [32]. It can originate from biogenic (natural), 
anthropogenic (manmade) sources, or both. Components that make up 
atmospheric PM include water, microorganisms (we don’t discuss this 
further to remain within the scope of this review), carbonaceous com
pounds (both organic and elemental), inorganic compounds, metals, and 
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minerals [33].
Owing to this complexity, PM induces a response in cells, and in 

tissue more broadly, by more than one route. Perhaps the most widely 
studied route/response is oxidative stress (OS) induced by sustained 
overproduction of reactive oxygen species (ROS). However, other routes 
exist such as by cell membrane disruption [34] or modification to DNA 
either directly or by changes to the epigenome [35–37], and these routes 
may be specific to cell types (e.g., epithelial versus endothelial cells or 
even macrophages). Following OS, the corresponding responses include 
organelle stress and inflammation (discussed in Section 6). Inflamma
tion is a more complex outcome compared to organelle stress and cell 
membrane disruption because it involves a whole tissue, organ, system, 
or even the whole organism’s coordinated response; this can result in 
cell or tissue survival through pathogenesis rather than direct cell death. 
Ultimately, cell death ensues by increased autophagy and apoptosis 
rates (discussed further in Section 7), by necrosis (discussed further in 
Section 7), or in the case of inflammation, by an immune response from 
either the myeloid or lymphoid system [38–40] that results in dis
patching affected cells (e.g., phagocytosis by alveolar macrophages; 
[41]). These represent abnormal death routs distinct from 
well-regulated autophagy (main catabolic route of the cell) and 
apoptosis (programmed cell death). To clarify, apoptosis is a normal 
process during homeostasis; it is the increased instances of apoptosis 
that are abnormal and driven by PM exposure. Other abnormal, 
PM-induced death routes for the cell beyond these two are being 
discovered or proposed, and are presented in Section 7. Such abnormal 
death routs are worth exploring in this review for two main reasons. 
First, because to date we do not fully understand said mechanisms, nor 
whether they are induced by specific atmospheric or industrially man
ufactured (that is, highly pure, therefore interacting with the human cell 
in a very specific way and evoking a unique response) nanoparticles. 
Second, because climate change and deforestation exacerbate PM 
burden with increased sources from conflagrations [42–45] and aridi
fication of endorheic basins [46–49]. With the likelihood that PM 
exposure becomes more complex to quantify, research with the aim of 
developing protective, prophylactic, and therapeutic strategies is 
needed and the intent of Section 7 is to help increase awareness of 
emerging PM-induced abnormal death routes to the scientific commu
nity. Sections 3 – 6 are the sequence of events inside the cell, that we 
believe are of value to the reader, leading up to said death routes.
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The human cell has many ways of detecting and responding to 
changes in the extracellular environment, including ion channels and 
other surface proteins collectively known as receptors [50]. When a 
foreign body is introduced in this environment, cellular receptors have 
evolved to kickstart signaling. This process is best described by three 
stages. Reception, the first stage, is when such body, referred to as the 
ligand, binds to a receptor. Transduction, the second stage, occurs 
shortly after because the now activated receptor engages in a 
signal-transduction pathway. The response, which is the third and final 
stage, is the outcome [51]. PM often presents itself as an abiotic mixture. 
This implies that the immune system may not be immediately activated 
because the mixture does not contain viruses, bacteria, or other micro
organisms, and is instead triggered by a slower inflammatory response. 
A ligand-activated receptor exists in many human cells whose function 
includes sensing xenobiotic molecules: the aryl hydrocarbon receptor 
(AhR; [52]), which is highly expressed in the human lung [53]. Unlike 
most receptors, the AhR (in its inactive state, that is, prior to ligand 
binding) is not found on cell surfaces. It is found in the cytoplasm.

Many reviews address the importance of this receptor, and over the 
past three decades its role and function(s) have been re-evaluated [52, 
54–65,]. It resides in the cytoplasm as a part of a larger protein complex 
which includes chaperone proteins [61] that help prevent its 

degradation [66]. Ligands that activate the AhR are varied, however 
well-recognized ones include polycyclic aromatic hydrocarbons (PAHs), 
such as benzo[a]pyrene, and halogenated aromatic hydrocarbons 
(HAHs), such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) [8,67]. 
The activated complex then translocates to the nucleus where the AhR 
dissociates from its chaperone proteins to heterodimerize with the AhR 
nuclear translocator (ARNT), forming a new complex that induces 
transcription of targeted genes [61,68]. Such genes are preceded by a 
nucleotide sequence known as xenobiotic response elements, where the 
AhR binds to [69,70]. The genes that code for Cytochrome P450s 
(Cyp450s) are perhaps the most widely-recognized genes activated by 
the AhR-ARNT complex upon binding to DNA, likely due to their role in 
metabolism (see Section 4) and thus early signal transduction. The 
literature is filling with evidence that Cyp450 gene upregulation is 
associated with PM exposure, specifically, in response to the organic 
fraction of PM [71–79]. Other upregulated genes of interest however 
include those coding for glutathione S-transferases [80–82], quinone 
oxidoreductases [72,83,84], interleukins [73,74,85–87], 
cyclooxygenase-2 (COX-2; [65,79,86,88–91]), and nuclear factor 
erythroid 2-related factor 2 (Nrf2; [76]). Several signaling pathways and 
cascade reactions exist involving these genes, such as the 
Nrf2-antioxidant response element (ARE) in response to OS, or the nu
clear factor kappa-light-chain-enhancer of activated B cells (NF-κB) to 
invoke an immune response, which are discussed later in this review.
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Cyp450s are a superfamily of monooxygenase enzymes whose pri
mary function is catalyzing electron transfer that leads to oxidation re
actions with substrates [92–95]. Structurally, Cyp450s have an iron 
cofactor in their active site that binds to molecular oxygen, transferring 
an oxygen atom to a substrate (with the other being reduced to water) 
[96,97]. 57 genes within the human genome are known to encode for 
over 50 Cyp450 isozymes [98,95]. While these enzymes were first 
discovered in the late 1950s / early 1960s [99–103], in recent decades 
they have been studied for their role in bioactivation: metabolism of 
drugs and other xenobiotics [104–106]. Recent literature suggests there 
are about 15 such isozymes that are actively involved in drug / xeno
biotic compound metabolism [95,107,108]. While Cyp450s are found in 
highest concentration in the liver, they are found elsewhere, including in 
the lung, likely to start metabolizing inhaled xenobiotic compounds.

Metabolism by Cyp450s has historically been modeled as a two-step 
process: activation by oxidation (phase I) and conjugation to render the 
xenobiotic of interest hydrophilic (phase II, sometimes considered 
“detoxification”) [8,109–111]. However, some reviews model this 
metabolism process as four steps, namely, translocation inside the cell 
(phase 0), phase I, phase II, and liver processing for excretion (phase III) 
[112,113]. For the sake of this review, we will limit our discussion to 
phases I and II, treating them as parallel rather than series processes. We 
do this to engage the reader on the problem xenobiotics metabolism 
poses, which is that the initial functionalization that takes place in phase 
I can lead to toxicity [8].

Other important xenobiotic-metabolizing enzymes (XMEs) exist in 
mammals beyond Cyp450s. These include glycosyltransferase such as 
uridine 5′-diphospho-glucuronosyltransferase (UGTs; [114–117]), 
flavin-containing monooxygenases (FMOs; a different family of mono
oxygenases than Cyp450s) found in the endoplasmic reticulum (ER; 
[118–123]), epoxide hydrolases (EHs; [124–127]), sulfotransferases 
(SULTs; [128–130]), and glutathione S-transferases (GSTs; [131–133]). 
These XMEs have both membrane-bound and cytosolic forms. To the 
best of our knowledge, there is no evidence of existence of intranuclear 
XMEs.

Much like some drugs that need to be activated to induce a biological 
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response, PM components such as PAHs induce a biological response 
only after activation. The effect of PAH-containing PM, and model 
molecule benzo[a]pyrene (BAP), on the human body are studied due to 
phase I leading to carcinogenic products [8]. The problematic step in 
phase I is formation of oxidized products (such as epoxides and qui
nones) from Cyp450s, which are hydrophilic and electrophilic. This 
leads to downstream aberrant reactions including DNA binding and thus 
alteration of DNA function without the DNA structure itself altered (i.e., 
epigenetic changes). Metabolomics best addresses this topic, and such 
information is available elsewhere in the literature [134]. Therefore, 
excretion does not take place (or at least, not as efficiently), and the 
“detoxification” cycle does not complete.
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To date, 18 mammalian Cyp450 families are known, and convention 
labels such families as “Cyp1”, “Cyp2”, “Cyp3”, and so on [98]. Eight 
enzymes in the Cyp1-3 families account for most drug metabolism, 
probably because they contain significantly more genes than the other 
families [135,136]. The literature associated with PM-induced expres
sion is ripening, demonstrating such families also account for PM 
metabolism. To summarize all studies associated with PM’s effect on 
Cyp450s expression is beyond the scope of this review. Within the scope 
is to list the known isozymes detected in response to organic and 
metallic compounds commonly found in PM, as these two constituents 
have been proposed in a recent review by Salana and Verma [29] to be 
important contributors towards PM toxicity. For familiarity with the 
Cyp450 enzyme family prior to reading Subsections 4.2.1 and 4.2.2, we 
recommend reading either the full chapter or the specific section on the 
Cyp450 enzyme family of Perry and Collard [111].

Of note is the ongoing discovery of how, and to what extent, Nrf2 
(like the AhR, Nrf2 is also a transcription factor) regulates Cyp450s 
expression through DNA methylation. For context, the 5′-C-phosphate- 
G-3′ (CpG) sites are DNA regions where methylation can occur. We know 
methylation is typically done by DNA methyltransferases (DNMTs; 
[137]). However, to our knowledge, we do not know if 
xenobiotic-induced methylation, which is one of several types of 
epigenetic change resulting from PM exposure [8], occurs directly at this 
site or by alteration of DNMTs. Given this context, the way Nrf2 alters 
Cyp450s expression is hypothesized to be by regulating DNA methyl
ation of the CpG units. This hypothesis comes from recent studies 
comparing the response between Nrf2-/- (KO) and wild-type (WT) mice 
to PM2.5 [138], and drugs [139]. These are important discoveries in 
understanding how Nrf2 helps cells adapt to OS, in these cases, by 
inducing expression of cytoprotective genes (such as those coding for 
Cyp450s).
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While organics such as PAHs, dioxins, furans, and biphenyls in the 

bloodstream tend to be metabolized by the liver, lung cells, probably 
owing to their high AhR expression, can metabolize them also as shown 
by in vitro studies using model compounds [140–142]. PAH metabolites 
include hydroxylated PAHs and dihydrodiols, which are used as bio
markers in urine specimen for PAH exposure [143,144]. CYP1A1 and 
CYP1B1 proteins (enzymes) are perhaps the most important Cyp450s 
involved in the metabolic activation of PAHs [145]. However, the extent 
to which enzyme is more important is unclear and dependent on the 
relevance of the in vitro model; for example, CYP1A1, CYP1A2, and 
CYP1B1 protein expression in response to benzo[a]pyrene differs for 
human liver cells when cultured as 2D monolayer versus 3D spheroids 
[146]. Dioxins do not appear to be metabolized as extensively as PAHs, 
however studies in animal cells are scant and dated [147,148]. CYP1A1, 
CYP1A2, and CYP1B1 proteins are reported to be the most important 
Cyp450s involved in the metabolism of dioxins [149,150]. Extraction of 
the organic fraction from diesel PM induces a higher CYP1A1 protein 
expression compared to the elemental carbon core [73].
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Although transition metals are subject of investigation due to their 

potential to induce ROS inside the cell [151], we did not find evidence or 
a mechanism by which Cyp450s metabolize metallic compounds. 
Rather, and besides ROS production, metallic compounds exert effects 
on enzymes by inhibition [152].
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In the context of the human body, free radicals are potent, short-lived 
oxidizers due to their unpaired electron, and are important components 
of ROS. However, other less potent but longer-lived ROS exist, such as 
hydrogen peroxide (H2O2), which can dominate the ROS makeup within 
a cell or tissue. A balanced concentration of ROS is important to ho
meostasis; it is the elevated and sustained production that induces OS in 
cells. OS occurs precisely because unbalanced ROS concentration, 
accumulating (ROS overproduction), overwhelms the antioxidant “de
fenses” of the cell, and causes tissue damage [153,154]. A redox 
imbalance is another way to call OS [155,156]. Excluding inflammation 
followed by immune responses, there is not a set primary mechanism 
that leads directly to tissue damage following OS, rather, in our opinion, 
it is the damage to different organelles. The series of cellular events 
covered so far in response to PM, from AhR-mediated activation to 
XME-induced metabolism, can elicit OS due to the sudden unmanaged 
production of ROS. Our understanding is that this production results 
from either the activation phase (phase I) during xenobiotic metabolism 
[157–159], or bioavailable transition metals in PM that can generate 
high concentrations of ROS due to their low affinity of outer (d-orbital) 
electrons [151], donating those to molecular oxygen. The extent to 
which a component of PM can generate ROS is known as the oxidative 
potential (OP; [160–162]), and is a currently accepted general indicator 
of PM toxicity [163,164]. A figure of all the steps described thus far from 
inhalation to eliciting OS is presented in Fig. 1.

For literature on PM-induced OS in the trachea, bronchi, small air
ways, and alveoli, we direct the reader to the following reviews: Albano 
et al. [21], Mudway et al. [165], and Mazzoli-Rocha et al. [166]. 
Important highlights from these reviews include inflammation media
tors nicotinamide adenine dinucleotide phosphate (NADPH) and duox 
oxidase 1 (DUOX1), the mitogen-activated protein kinase (MAPK) and 
NF-κB (a transcription factor that, like the AhR, exists in the cytosol, but 
that unlike the AhR isn’t directly activated by PM) pathways, role of 
COX-2, and role of interleukins.
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Cyp450s are predominantly found in the ER membrane alongside 
other XMEs, as mentioned in Section 4.1. However, in animals they are 
also present in the mitochondrial membrane [167,168]. The ER’s pri
mary function is protein synthesis, including protein folding, whereas 
the mitochondrion’s primary function is energy production for the cell 
[169].
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Of the cellular processes calcium is involved in, metabolism and cell 
death are of interest to us in the context of both ER stress and commu
nication between the ER and the mitochondrion. The ER is the organelle 
with the highest concentration of calcium [170,171]. Depletion of cal
cium can lead to accumulation of improperly folded or unfolded pro
teins; this is the definition of ER stress as we currently know it [172,
173]. The proteome of a healthy cell is maintained by the ER quality 
control (ERQC) system, which includes removal of misfolded poly
peptides by either ER-associated degradation (ERAD) or autophagic 
degradation [174,175]. ERAD includes maintaining functional turnover 
of Cyp450s in the human liver [176], and recently was found important 
also in the human lung for bronchopulmonary dysplasia [47,177–179]. 
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It is possible that the ERAD process is also likely tied to the propensity of 
Cyp450s to produce ROS.

Globally, for secretory pathways beyond just the impact on Cyp450 
production, we look at ER stress through the lens of calcium signaling, 
emphasizing the influence of calcium’s concentration gradient on pro
tein folding, proteostasis, mitochondrial energy use, and ultimately 
apoptosis. The signaling pathway known as the unfolded protein 
response (UPR) best describes the series of events leading to cell death 
by apoptosis resulting from ER stress, where if ER stress is sustained, the 
ER homeostasis breaks, and signaling shifts towards pro-apoptotic 
pathways. Summarizing work by Shore et al. [180] and Urra et al. 
[181], proteins inositol-requiring enzyme 1α (IRE1α), protein kinase 
RNA-like endoplasmic reticulum kinase (PERK), and activating tran
scription factor 6 (ATF6) located in the ER membrane initiate UPR 
signaling as an adaptive response. Under prolonged ER stress, this 
adaptive response is insufficient hence the UPR switches signaling that 
aims to dispatch, i.e., suicide, the cell: apoptosis. This apoptotic mech
anism occurs because the gene coding for B-cell leukemia/lymphoma 2 
(Bcl-2; an anti-apoptotic protein) becomes downregulated while the 
gene coding for endoplasmic reticulum oxidoreductase 1α (ERO1α; an 
oxidase) becomes upregulated. Unfolded protein accumulation leads to 
IRE1α oligomerization and activation of apoptosis signal-regulating ki
nase 1 (ASK1) and c-Jun NH2-terminal kinase (JNK). This signaling 
pathway alters microRNA (miRNA) expression and affects ER perme
ability, releasing pro-apoptotic proteins to the cytosol promoting 
apoptosis. While this may not be the only mechanism in action, it is our 
interpretation as a simplistic overview of what Shore et al. [180] and 
Urra et al. [181] present as accepted knowledge.

To our best knowledge, the role of PM on the UPR is unclear. Studies 
in mice models, both in vivo and in vitro, provide evidence that PM2.5 
induces ER stress. The data suggests apoptosis in lung and liver tissue via 
the PERK-activated UPR branch [182], fibrosis [183] including via a 
newly proposed ROS-ER stress-TGFβ/SMADs (transforming growth 
factor beta/suppressor of mothers against decapentaplegic; the reader is 
encouraged to review the literature for the latter’s nomenclature) axis 
[184], damage by ROS mediated by Nrf2 during metabolism phase I 
[76], and for the case of titanium dioxide (TiO2), inflammation [185]. 
Studies on human pulmonary cell lines are scant and only imply a 
general toxicity mechanism derived by ER stress [186,187]. Studies of 

ER stress in other cell lines exist that we do not list here. Clin
ical/observational studies involving participants with preexisting con
ditions such as asthma that contain evidence of ER stress are similarly 
not listed here as they do not provide evidence it is PM-induced. We 
conclude that in the listed studies, the overarching mechanism was ROS 
production, which we hypothesize must imbalance the calcium con
centration in the ER of cells of both organs. While ER stress can also 
activate the NF-κB pathway [188], an important pathway in immune 
and inflammatory responses discussed towards the end of this review, 
and other inflammasomes, we do not find compelling evidence of how 
PM triggers or affects this pathway, thus exclude discussion from this 
review. So, relating to ER stress, a clear axis, pathway, set of pathways, 
cascade, or activation of an immune response in the lung remain elusive 
that we believe provides an important knowledge gap to fill by both in 
vivo and in vitro studies. To this end we agree with and bring attention 
to an editorial by Velasco [189] that although over a decade old remains 
relevant.
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Likewise to ER stress, the downstream transduction branches can 
involve and stress other organelles. The mitochondrion is one such 
organelle that can be stressed from PM exposure. According to a recent 
review by Rodríguez-González and Gutiérrez-Kobeh [190], it is 
conceptually possible to divide the apoptotic pathway, between initia
tion and execution, into three distinct ones: extrinsic, perforin/g
ranzyme, and intrinsic (mitochondrial). A key event in the intrinsic 
pathways is mitochondrial outer membrane permeabilization (MOMP; 
[191]), leading lower mitochondrial membrane potential (ΔΨm), lower 
ATP synthesis, and the release of pro-apoptotic proteins including Cy
tochrome C, second mitochondria-derived activator of caspases/direct 
inhibitor of apoptosis-binding protein with low pI (Smac/DIABLO), 
serine proteinase omi/high temperature requiring protein A2 (Omi/H
trA2), apoptosis-inducing factor (AIF), and endonuclease G (EndoG). For 
detail and elucidation of this mechanism in vertebrates we suggest the 
reviews by Wang and Youle [192] and Rodríguez-González and 
Gutiérrez-Kobeh [190]. Here, in the following sections, we aim to shed 
light on how PM affects or promotes the intrinsic apoptotic pathway by 
two mitochondrial-mediated mechanisms. The unifying theme is that 

�+������������ A schematic of how inhaled PM leads to OS in human airway cells.
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any effect of PM on ΔΨm (or MOMP) is a key activator of this intrinsic 
apoptotic pathway. We expand discussion on apoptosis in Section 7.1. 
We note that the other apoptotic pathways can be triggered by PM 
exposure, and direct the reader to other reviews available in the litera
ture [193,194].
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Mitochondrial-associated (or mitochondrial-associated ER) mem

branes (MAMs), the interface between the ER and mitochondria, are 
important in interorganelle communication, including between UPR 
signaling and mitochondria [170]. During tethering between the two 
organelles, calcium transport is likely the most important process [195]. 
Therefore, the discovery of tethering proteins including mitofusin 2 
(Mfn2; [196]), the vesicle-associated membrane protein-associated 
protein B- protein tyrosine phosphatase-interacting protein 51 
(VAPB-PTPIP51) complex [197], and the inositol 1,4,5-trisphosphate 
receptor- glucose-regulated protein 75- voltage-dependent anion chan
nel 1 (IP3R-GRP75-VDAC1) complex [198] becomes an important first 
target for PM constituents to potentially alter. Considering the impor
tance of MAMs and tethering proteins, any effect of PM on them is likely 
implicated in disruption of ΔΨm in the intrinsic apoptotic pathway. 
Depending on cell type, mitochondria can take different morphologies 
such as fragmented, tubular, or elongated. How, or to which propensity, 
do these morphologies influence the interaction with PM constituents 
we do not know.

In Sprague Dawley rats, urban PM2.5 has been shown to decrease 
gene expression and protein concentration of mitofusin 1 (Mfn1) and 
optic atrophy 1 (OPA1), both proteins associated with mitochondrial 
fusion, and increase gene expression and protein concentration of Mfn2 
(associated with mitochondrial fusion), and dynamin-related protein 1 
(Drp1) and fission protein 1 (Fis1) associated with mitochondrial fission 
[199]. In a separate study employing Sprague Dawley rats, very high 

(>1000 μg/m3) concentrations of urban/coastal PM2.5 also increased 
gene expression and protein concentration of Drp1 and Fis1 in a 
dose-dependent manner [200]. In the same study, Mfn1 and OPA1 first 
increased then decreased with PM concentration. In C57 black 6 
(C57BL/6) mice, commercially available diesel PM2.5 decreased Mfn1 
and Mfn2, and increased Drp1 [201]. However, the same study showed 
that in vitro in alveolar type 2 (AT2) cells, “long-term” (i.e., 25 μg/mL 
kept for 30 px) exposure to the same diesel PM2.5 decreased Mfn1, and 
increased Mfn2 and Drp1. A separate study in C57BL/6 mice validates 
only some of these trends using Drp1-KD and OPA1-OE models, 
concluding that inhibiting mitochondrial fission and promoting mito
chondrial fusion can help restore PM-induced damage [202]. Contrib
uting to the evidence in vitro, urban PM2.5 has been shown to decrease 
Mfn2 and increase Fis1 [203]; however, the cell model was not pul
monary in that study. Based on these few studies, evidence suggests 
tethering proteins are important in PM-induced damage, but neither a 
defined role of these proteins is confirmed nor is the contribution to
wards this based on PM properties evaluated.
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Mitochondrial ROS overproduction is, based on our survey of the 

literature, the most widely studied of the three mechanisms proposed in 
Section 6.2 that lead to the intrinsic apoptotic pathway. Before we 
examine this pathway solely in the context of apoptosis, we wish to note 
that, besides apoptosis, mitochondrial ROS overproduction can also lead 
to other cell fates including survival through inflammation (and there
fore with an immune response). Several studies suggest that, in organs 
beyond just the lung, a way this PM-induced inflammation and immune 
response are modulated is by mitochondrial stress [204–208]. It is our 
understanding that excessive ROS overproduction leads to cell death (e. 
g., by apoptosis), whereas moderate ROS overproduction leads to cell 
survival (e.g., through inflammation) [209]. A schematic of this is 

�+������������ Two proposed mechanisms of PM-induced mitochondrial stress with corresponding outcomes.
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presented in Fig. 2.
As mentioned in Section 5, excessive ROS inside a cell can be caused 

either by phase II metabolism of PM components or by the redox activity 
of metals present in PM. Studies specific to the lung highlight the role of 
mitochondria and mitochondrial stress following PM-induced OS. Upon 
review of the literature, we made a selection of articles that advanced 
the mechanistic understanding of PM-induced mitochondrial ROS and 
thus warrant individual highlight, proposed as follows. In primary 
human nasal epithelial (HNE) and bronchial epithelial (HBE) cells, 
commercially available diesel PM2.5 induced both a statistically signif
icant and dose-dependent ROS increase when compared to carbon black 
nanoparticles [210]. In the same study, an increase in expression of 
Cyp450 1A1 (CYP1A1; a phase I XME) and NADPH quinone 
oxidoreductase-1 (NQO-1; a Phase II XME) was measured. In HBEC, 
chronic obstructive pulmonary disease (COPD)-diseased human bron
chial epithelial (DHBE), and BEAS-2B cells, urban PM2.5 induced OS, as 
revealed by multiple assays [205]. In that study several results are worth 
noting: (i) PM increased expression of Nrf2 and pro-inflammatory cy
tokines tumor necrosis factor α (TNFα) and interleukin-6 (IL-6) in all 
three cell lines in a dose-dependent manner, (ii) PM increased mito
chondrial ROS and decreased ΔΨm (assayed by MitoSOX and Mito
Tracker����Deep Red FM) in BEAS-2B cells in a dose-dependent manner, 
and (iii) that PM concentrations were chosen, to our interpretation, at 
low enough concentrations so as not to induce cell death via the intrinsic 
apoptotic pathway, instead only induce mitochondrial metabolism 
dysfunction (but still ends in cell survival). In L-132 cells, urban/coastal 
PM collected on the 5-μm stage of a cascade impactor (we interpret it as 
PM10) caused an increase in cytosolic to mitochondrial Cytochrome C for 
three endpoints at 24, 48, and 72 h, at both a 10% lethal concentration 
(LC10) and 50% lethal concentration (LC50), that was statistically sig
nificant from the control cells [211]. This was coupled with a statisti
cally significant increase in Caspase 9, a pro-apoptotic protein (caspases 
are proteases, but are highly regulated during apoptosis to target specific 
proteins). While ROS was not explicitly assayed in this study, it was in a 
previous study (in conjunction with an inflammatory response) utilizing 
the same cell line and PM [212]. The only issue we note with potentially 
interpreting Dagher et al. [211], however, is that the L-132 cell line may 
not be representative of any pulmonary cell line according to the sup
plier, American Type Culture Collection (ATCC). It is our view that in 
spite of this issue, this study is worth highlighting in this section for its 
clever investigation at two low cytotoxicity doses of PM and its induc
tion of mitochondrial stress and activation of the intrinsic apoptotic 
pathway. Results from this study, Dagher et al. [212], and Leclercq et al. 
[205] align with the review by Redza-Dutordoir and Averill-Bates [209], 
reinforcing our interpretation that excessive ROS overproduction leads 
to cell death whereas moderate ROS overproduction activates adaptive 
signaling pathways that may lead to cell survival. In BEAS-2B and mouse 
alveolar macrophage RAW 264.7 cell lines, urban PM (segregated into 
three size ranges) induced OS as measured by heme oxygenase-1 (HO-1) 
concentration as well as the canonical acellular dithiothreitol (DTT) 
assay [213] (the DTT assay is an indicator of OP, and can be used as a 
proxy for OS). This was strongly correlated with PAH content, and 
electron microscopy images in the same work qualitatively suggested 
that not only was PM found in high concentration in mitochondria, but 
that it was the smallest of the three sizes, coincidentally highest laden 
with PAHs, that was mostly found in the mitochondria. This tendency of 
PAHs to reside in mitochondria is consistent with independently-derived 
suggestions that the high lipid content of mitochondria makes this 
organelle prone to accumulation of organics such as PAHs [214–216]. In 
rat alveolar macrophage NR8383 cells, commercially available PM (<4 
μm) led to mitochondrial dysfunction by decreased ΔΨm, increase in 
caspases, increase in TNFα and IL-6 release, increase in NF-κB, and 
decrease in inhibitor of NF-κB α (IκBα) concentration [217]. In Sprague 
Dawley rat alveolar macrophages, urban PM2.5 induced ROS over
production, implicated by mitochondrial damage [199]. In Wistar rat 
alveolar macrophages, urban PM2.5 (collected on the same university 

campus as Li et al. [199] but during a different time) induced ROS 
overproduction and elevated intracellular calcium, indicative of mito
chondrial stress [218]. Of note in that study was a dose-dependent 
decrease in Bcl-2, an increase in Bcl-2-associated X protein (Bax; a 
pro-apoptotic protein and part of the Bcl-2 family), and an increase in 
pro-apoptotic caspases concentrations, which we speculate may imply 
ER stress as well, especially when coupled with elevated intracellular 
calcium.

As noted at the beginning of the previous paragraph, many studies on 
PM-induced mitochondrial ROS and subsequent dysfunction do exist, 
and we encourage the community to read them. Additionally, we sug
gest the reviews by Chew et al. [219] and An et al. [220] for more ev
idence of PM-induced mitochondrial-mediated cytotoxicity. Some 
studies cited by these reviews include results from A549 cells, but we do 
not interpret results from this cell model in our review beyond Section 5.

The mitochondrion’s role in ROS overproduction and activating the 
Nrf2 and NF-κB signaling pathways is important in inflammatory pro
cesses, so we revisit the importance of these two pathways in Section 8.

�,�� �&��������������������

If survival mechanisms, such as inflammation, fail, then PM cyto
toxicity leads to cell death. So far, we mentioned three cellular death 
mechanisms: autophagy (normal), apoptosis (normal but can be 
increased to abnormal rates), and necrosis (abnormal). In light of recent 
evidence, we wish to explore additional abnormal cell death mecha
nisms to conclude this review. Prior to exploring those, we briefly re
view autophagy and apoptosis both during homeostasis and following 
PM exposure.
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Another way to conceptualize autophagy and apoptosis is to consider 
them as programmed. While both autophagy and apoptosis are normal 
(endogenous, self-regulating) cellular processes and are both important 
for homeostasis and tissue regeneration, the rates at which these pro
cesses occur can be affected by external stimuli, such as PM exposure.

In the case of autophagy, PM can increase its rates, disrupt the pro
cess, or trigger an immune response generally, to our knowledge, by OS. 
For example, in Sprague Dawley rats and RAW 264.7 cells, urban sea
sonal (winter and summer) PM2.5 increased microtubule-associated 
protein light chain 3 (LC3; both LC3-I and LC3-II, both autophagic 
markers) gene expression while decreasing sequestosome 1 (SQSTM1; 
commonly known as p62, a receptor of autophagy) expression in a dose- 
dependent manner [221]. In that study, the authors concluded that OS 
was mediated by the phosphoinositide 3-kinase (PI3K)/ protein kinase B 
(Akt)/ mammalian target of rapamycin (mTOR) (collectively: PAM) 
signaling pathway, a pathways involved in autophagy [222,223] (there 
is an important role of autophagy in some cancers, but discussion on this 
topic is beyond both the scope and purpose of this review). In a recent 
study comparing the effect of urban PM2.5 on BEAS-2B and NIH-3T3 cell 
lines, the authors found that PM-induced cell death in BEAS-2B was due 
to inhibited mitophagy (via parkin) whereas in NIH-3T3 it was due to 
increased autophagy [224]. In that work, for BEAS-2B cells, LC3-II 
decreased with PM dose whereas p62 increased, but for NIH-3T3 cells, 
LC3-II increased with PM exposure whereas p62 decreased. Also in that 
work, both cellular ROS and mitochondrial ROS (assayed by MitoSOX) 
increased in BEAS-2B cells with increasing PM dose. Thus for lung dis
eases, the role of autophagy can be helpful or harmful, and in the context 
of PM-induced cytotoxicity, outcomes appear to be cell-specific.

In the case of apoptosis, its increased occurrence could be as a de
fense mechanism to remove damaged cells thus preserving the overall 
tissue or the organism [225]. PM increases instances of apoptosis to 
abnormal rates, and this deregulation can ultimately lead to a pathology 
[193]. According to Aghaei-Zarch et al. [193], the corresponding 
signaling pathways affected include NF-κB, ER stress, and Janus Kinase / 
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Signal Transducer and Activator of Transcription (JAK/STAT; involved 
in many cellular processes including cell survival). Both the NF-κB and 
JAK/STAT signaling pathways activated by PM exposure can lead to 
inflammation which ultimately is the likely avenue by which a pathol
ogy arises. An interesting question is whether PM-induced NF-κB 
signaling exerts pro-apoptotic or anti-apoptotic effects: if transcription is 
suppressed (e.g., by nucleolar sequestration of v-rel avian retic
uloendotheliosis viral oncogene homolog A, commonly abbreviated as 
either RelA, or p65) or Cytochrome C is released, it would induce 
apoptosis [226,227] whereas if the affected mechanism upregulates 
anti-apoptotic genes such as Bcl-2, the caspase cascade is inhibited and 
apoptosis is downregulated. Baichwal and Baeuerle [226] suggest this is 
cell type-dependent. Again, according to Aghaei-Zarch et al. [193], PM 
increases apoptotic rates, so PM likely affects NF-κB to act as a 
pro-apoptotic factor. Cytochrome C, normally a part of the electron 
transport chain inside the mitochondrion, upon release into the cyto
plasm following MOMP (Section 6.2), acts as a pro-apoptotic protein, 
further suggesting that increased rates of apoptosis can come from other 
mechanism too (MAM disruption and ER stress) and not only by any 
effect on the NF-κB signaling pathway or other potentially inflammatory 
processes. Additionally, we bring attention to the reader of the rela
tionship between the larger Bcl-2 family of proteins not discussed in this 
review, which can be pro-apoptotic, pro-apoptotic BH3-only, or 
anti-apoptotic, and their relationship with MOMP as discussed else
where for their role in apoptosis [228,229]. The differential expression 
of all or part of this family of proteins in response to PM insults is 
important because of how they govern whether a cell commits to 
apoptosis.

Considering the importance of the mitochondrion in autophagy and 
apoptosis, we wish to bring to light an important process during 
increased apoptosis: mitophagy. Like autophagy, mitophagy, a type of 
autophagy where dysfunctional mitochondria are removed, is an 
important process in homeostasis [230]. We provide a schematic of this 
process in Fig. 3a. The sequence of events during either normal or 
slightly increased mitophagy (e.g., resulting from moderate exposure to 

PM) begins with phagophore formation, followed by the phagophore 
engulfing damaged mitochondria to form an autophagosome, and 
finally the fusion of the autophagosome with lysosomes to digest the 
autophagosome contents. Of interest in this process is the role of 
mitochondrial-associated proteins, such as histone deacetylase 6 
(HDAC6). The function of HDAC6, at the time of discovery over two 
decades ago, was associated with microtubule formation [231]. 
Recently, HDAC6 has been found to repress transcription via histone 
deacetylation and is identified as a key protein in the “autophagy-cilia” 
axis [232–234] for its role in autophagy-mediated cilia disassembly, 
otherwise known as “ciliophagy”. Very recently, HDAC6 has emerged as 
a promising candidate to selectively inhibit and combat several types of 
cancers [235,236]. Although literature suggests HDAC6 is important in 
ciliogenesis of lung tissue and implicated in diseases such as COPD and 
idiopathic pulmonary fibrosis (IPF), we are not aware of studies exam
ining expression of HDAC6 and its role in the autophagy-cilia axis on 
pulmonary ciliated epithelial cells.

Fig. 3b and 3c are transmission electron microscopy snapshots of 
mitophagy taking place in primary human small airway epithelial cells 
(HSAECs) for healthy control cells (Fig. 3b) compared to cells dosed with 
50 μg/mL of flame-generated soot and that have internalized the soot 
after 48 h of incubation (Fig. 3c). To obtain the images, after ~48 h of 
incubation with or without soot, cells were fixed overnight at +4◦C with 
a solution of 2.5% glutaraldehyde and 2.0% paraformaldehyde in 0.15 
M cacodylate buffer at pH 7.4 with 2 mM calcium chloride. Samples 
were then analyzed using a JEM1400plus (Japan Electron Optics Ltd., 
Tokyo, Japan) operated at 120 kV. From Fig. 3c, there is evidence that 
the soot induced stress signaling in the cell: compared to the healthy 
control cell, the stressed cell shows a dramatic increase in damaged 
mitochondria and increased presence of vesicles, suggesting mitophagy 
is increased to restore cellular function. Concurrently to that experi
ment, we monitored cell attachment behavior in real-time utilizing 
electric cell-substrate impedance sensing (ECIS; model ZӨ, Applied 
Biophysics, USA) as a previously validated proxy of cell proliferation in 
response to soot/PM exposure [237]. Briefly, ECIS leverages 

�+������������ The process of mitophagy. (A) conceptual diagram resulting from PM exposure, (B) TEM image of normal mitophagy taken in a healthy (control) HSAEC, and 
(C) TEM image of increased mitophagy and increased mitochondrial damage (noted by swollen and misshapen mitochondria) taken in a HSAEC treated with soot. 
Ultrastructures are as follows: AP autophagosome, AL autolysosome, L lysosome, and M mitochondrion. Note increased vacuolization in (C).
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electrophysiological properties of a cell when attached to gold elec
trodes subject to alternating current (AC) over a range of frequencies 
[238,239]. The purpose of employing ECIS is the same as during the 
experimental design of Dagher et al. [211] in Section 6.2.2, whereby we 
target processes during low cytotoxicity and induction of mitochondrial 
stress. As such, ECIS is in our view an extremely powerful non-invasive 
technique to help determine complementary assay doses and choose 
assay endpoints following in vitro PM exposures. The comparison be
tween control and treated cells is shown in Fig. 3d. A mild decrease in 
confluency coupled with larger spread across wells at the 48 h endpoint 
gave us confidence that the mechanism in action, mitophagy, was 
playing a role before increased cell death, leading to cell survival 
(although stressed), rather than cell death by other avenues, such as 
increased apoptosis or necrosis. This is also consistent with previously 
published work by Das et al. [240], where benzo[a]pyrene-induced cell 
death is suppressed by mitophagy. Improved understanding of mitoph
agy in relation to apoptosis and other biological processes induced by 
PM exposure may be warranted.
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According to the Nomenclature Committee on Cell Death (NCCD), a 
cell is defined as dead following any one of three criteria: loss of cell 
membrane integrity, presence of apoptotic bodies, and phagocytosis of 
cell fragments by adjacent cells [241]. Necrosis is different from auto
phagy and apoptosis in that it is an abnormal process. Ardon-Dryer et al. 
[242] provide live-cell imaging of mineral dust PM’s effect on pulmo
nary cells that perhaps best illustrates the difference between the two 
processes. While apoptosis’ morphological features include cell 
shrinkage and cell membrane blebbing resulting in the formation of 
apoptotic bodies (that are eventually engulfed by phagocytes), necrosis’ 
morphological feature is characterized by a self-destruction followed by 
release of cell contents directly to the extracellular matrix (or blood
stream), resulting in inflammation [242]. This means that unlike 
apoptosis, necrosis does not involve a proper clearing mechanism for the 
leaked contents of the dead cell. Interestingly, in the study by 
Ardon-Dryer et al. [242], while dose-dependency appears to switch cell 
death mechanism from apoptosis to necrosis, it was the intermediate 
concentration of dust PM that led to highest cell death, suggesting that 
lower viability at higher dust concentrations was due to inhibition of cell 
proliferation rather than increased cellular death instances. This re
inforces the importance of, similar to studies cited in Section 6.2., in 
vitro studies that take into account dose-dependency of PM exposure 
beyond its effect on cell proliferation. These studies can be extended 
beyond PM effects on lung cells, for example, evidence from one of our 
recent studies suggests flame-generated soot induces 
epithelial-mesenchymal transitions (EMTs) in ARPE-19 ocular cells at 
high doses and is dependent on soot physicochemical properties, as not 
all types of soots employed in that study induced EMTs in our cells even 
at high doses [237].

Around two decades ago a paradigm shift occurred suggesting that 
while necrosis remained accepted as an abnormal process, it could be 
regulated or programmed [243,244]. This implied a correction to the 
traditional view of necrosis that it can therefore occur during normal 
physiology, not only during pathophysiological processes (such as those 
resulting from a PM insult). At the cellular level, perhaps the defining 
feature of programmed necrosis is that, unlike apoptosis, it is 
caspase-independent [245]. Recently, several of the programmed 
necrotic processes have been identified. To our knowledge, these are 
necroptosis, pyroptosis, ferroptosis, and NETosis. We review how PM 
affects these processes, the role of damage-associated molecular patterns 
(DAMPs), and the inflammatory responses in the following subsections.
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An update to the NCCD definitions presented in the previous section 

is to include necrosis [246]. This likely resulted from several highly 

impactful articles published a few years prior providing evidence of a 
necrotic cell death that was dependent on the receptor-interacting pro
tein kinase 3 (RIPK3): necroptosis [247–250]. Necroptosis is initiated by 
a ligand binding to receptors known as death receptors, members of the 
tumor necrosis factor (TNF) superfamily of cell surface receptors, which 
include TNFα, tumor necrosis factor receptor 1 (TNFR1), Fas (otherwise 
known as cluster of differentiation 95, abbreviated to CD95), and Tumor 
Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL; 
[251–253]). Summarizing the reviews by Hanson [252], Grootjans et al. 
[251], and Wu et al. [253], the signal transduction pathway that follows, 
activated by phosphorylation, leads a checkpoint. A protein complex 
known as Complex I forms, which includes proteins such as 
TNFR1-associated death domain protein (TRADD), Fas-associated pro
tein with death domain (FADD), receptor-interacting protein kinase 1 
(RIPK1), TNF receptor associated factor (TRAF) family proteins, and 
cellular inhibitor of apoptosis proteins 1 and 2 (cIAP1 and cIAP2, 
respectively) and is intended to lead the cell to survival. Complex I then 
transitions to Complex II, which can be further distinguished in Complex 
IIa and Complex IIb. If Caspase 8 is absent, then Complex IIb can be 
referred to as a necrosome and cell death occurs by necroptosis and is 
followed by DAMP release. The accepted mechanism is that the 
necrosome leads to mixed lineage kinase domain like pseudokinase 
(MLKL) phosphorylation by RIPK3, which oligomerizes inserting itself 
into the cell membrane, causing rupture. The inflammation that follows 
necroptosis is implicated in several diseases [254,255] including cancer 
[256].
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A cell’s cytoplasm naturally contains inflammasomes. These are 

protein complexes that activate upon stress or an insult and lead to 
inflammation, mediated by Caspase 1, following release of pro- 
inflammatory cytokines such as interleukin-1β (IL-1β; [257–259]). Cell 
death mediated by abnormally high inflammasome activation is known 
as pyroptosis [245]. Like necroptosis, this mechanism is viewed as 
programmed, having NOD-like receptor containing a Pyrin (NLRP, 
including NLRP1 and NLRP3) activation as a key trigger and Gasdermin 
D (GSDMD) as executioner causing pores to form in the plasma mem
brane that lead to cell lysis [260].

Although generally recent, the literature is quickly expanding with 
studies linking PM exposure to pyroptosis. In BALB/c mice, urban PM2.5 
induced inflammation and alteration of lung tissue potentially as a result 
of pyroptosis [261] considering the increase in mRNA expression 
immunohistochemistry staining of Caspase 1, NLRP3 and GSDMD 
following PM exposure. In that study, the role of pyroptosis was further 
evidenced by a cohort of exposed mice receiving intraperitoneal doses of 
a caspase inhibitor demonstrating statistically significant lower lactate 
dehydrogenase (LDH) release, total proteins in bronchoalveolar lavage 
fluid, and interleukin-18 (IL-18), although the decrease in IL-1β was not 
statistically significant. Similar results, with a similar proposed 
pathway, were observed in allergic rhinitis female C57BL/6 mice models 
using urban PM2.5 (collected in the same city as [261] but during a 
different period), exacerbating damage to the nasal mucosa [262]. In 
another study, BALB/c mice and RAW 264.7 cells exposed to urban/
coastal PM2.5 demonstrated, among other mechanisms, pyroptosis as a 
cell death fate but in a ROS-dependent way [263]. In 16-HBE cells, wood 
smoke PM2.5 extracts were shown to induce pyroptosis by two mecha
nisms: the aforementioned Caspase 1-dependant and a newly proposed 
ATP-receptor pathway, as confirmed by the knocked-down cell coun
terparts [264]. In RPMI-2650 cells, commercially available PM (<4 μm) 
led to pyroptosis-mediated cell death as evidenced by the 
dose-dependent decrease in viability coupled with an increased protein 
expression of Caspase 1, NLRP3, GSDMD, IL-1β, and IL-18 [265]. In that 
study, the role of pyroptosis was further evidenced by inhibition of 
NLRP3 leading to a statistically significant lower protein expression of 
the inflammasomes. We note that other in vitro studies exist probing 
pyroptosis in ocular cells.
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Ferroptosis, perhaps unlike the name suggests, is not a mechanism 

directly induced by iron present in PM. Ferroptosis is considered as 
another programmed cell death characterized by lipid ROS accumula
tion, dependent on iron availability, and without apoptotic and necrotic 
features of membrane blebbing or rupture [245,266]. Examples of lipid 
ROS are lipid peroxides, resulting from oxidation and/or normal meta
bolism. Polyunsaturated fatty acids (PUFAs) are perhaps the most 
well-known example of lipids that undergo oxidation during ferroptosis 
[267]. Because ferroptosis depletes glutathione, a well-known antioxi
dant, ROS accumulation and lipid peroxidation leads to cell death, for 
example, by reacting with proteins and nucleic acids [268–270].

In BEAS-2B cells, certified reference material for urban fine dust 
decreased cell viability in a dose-dependent manner while concurrently 
increasing cellular and mitochondrial ROS, and increased lipid peroxi
dation (as shown by using lipophilic fluorescent dye 4,4-difluoro-5-(4- 
phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-undecanoic 
acid; BODIPY 581/591 C11) [271]. In that study, ferroptosis was sug
gested following the differential mRNA expression and protein quanti
fication of several ferroptosis biomarkers. In mouse alveolar 
macrophage J 774A.1 and RAW 264.7 cell lines, exposure to PM2.5 
yielded similar results but with detection of increased inflammasomes, 
proposing a connection between the two by ROS [272]. In BALB/c mice, 
exposure to urban PM2.5 resulted in elevated concentrations of inflam
matory cytokines in collected bronchoalveolar lavage fluid and blood 
samples, as well as a qualitative decrease in glutathione peroxidase 4 
(GPX4; a biomarker for ferroptosis, as shown by Western blot images) 
[273]. In the same study, MLE-12 cells exposed to urban PM2.5 
decreased in viability to a larger extent compared to cells exposed to 
carbon black or a reference PM, over the same 72 h incubation period. 
The cell viability increased with statistical significance upon treatment 
with Vitamin C and Coumarin. These results correlated with a decrease 
of glutathione and GPX4, and an increase in BODIPY 581/591 C11 and 
Acyl-CoA synthetase long-chain family member 4 (ACSL4; important in 
activation of fatty acids such as PUFAs) measurements. The importance 
of this study was a first attempt at correlating PM physicochemical 
properties to cell death fates by one metric: OP.

Several candidate drugs, not mentioned in this review but available 
in the literature, are being proposed to alleviate PM-induced lung injury 
by suppressing ferroptosis.
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With an apt acronym, neutrophil extracellular traps (NETs; [274]) 

are web-like structures deployed by neutrophils to trap foreign bodies 
such as pathogens. This action results from the neutrophil death, 
releasing its contents to the extracellular matrix and is thus known as 
NETosis. This action can stimulate a larger immune response as well 
[245]. While NETosis may be more canonically associated with micro
organism infections (which could still result from inhalation of PM), 
even abiotic PM has shown to induce NETosis in vivo and in vitro.

In summary for Section 7.2, we hope the chosen studies have high
lighted the cellular mechanisms between different cell fates, and how 
PM affect these mechanisms and fates. For a detailed review focused 
solely on elucidating programmed necrosis including diagrams 
comparing necroptosis, pyroptosis, ferroptosis, and NETosis, we 
recommend the review by Kim et al. [245].
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In Section 2, we alluded to the possibility that one specific chemical 
entity, such as a compound or an ion, can interact with the human cell in 
a very specific way and evoking a very unique response. Copper, for 
example, can be found in high concentrations in particulate matter with 
sources ranging from vehicle emissions (both exhaust and non-exhaust, 
e.g., brake wear; [275]), mineral dust [276], and mining or smelting 
processes [277,278]. The effect on the cell of copper present in PM may 

become of importance: cuproptosis [279] is the newest form of cell 
death reported in the literature at the time of this review. This process is 
rather specific to the mitochondrion as an excess of Cu2+ ions can bind to 
lipoylated proteins in the tricarboxylic acid (TCA; commonly known as 
the Krebs) cycle. This is a distinct mechanism than general OS-induced 
cell deaths, and is referred to as proteotoxic stress, similar to ER stress 
discussed in Section 6.1. considering it’s due to accumulation of mis
folded or damaged proteins. While the initial discovery was not in pul
monary cell lines, there is evidence of cuproptosis occurring in such 
cells. According to Tsvetkov et al. [279], cuproptosis primarily occurs in 
cells that use oxidative phosphorylation as the main metabolic pathway, 
and such is the case for pulmonary cells [280]. To date, we know of one 
study exposing copper oxide (CuO) nanoparticles to C57BL/6J mice and 
MH-S alveolar macrophage cell line, with specific goal of quantifying 
indicators for cuproptosis ferredoxin (FDX1), dihydrolipoamide succi
nyltransferase (DLST), dihydrolipoamide acetyltransferase (DLAT) and 
Cu transporter 1 (CTR1) [281]. Two important conclusions from that 
study were the mediation of cuproptosis by FDX1 utilizing a knock-down 
model of MH-S cells and that interleukin-17a (IL-17a) was found to be 
the indicator of inflammation from this process. The only other study we 
are aware of exposed CuO nanoparticles to C57BL/6 mice and RAW 
264.7 cells: in that study, they found evidence of cuproptosis in both 
models, however for the in vivo model, although copper accumulation 
was found in the lung, cuproptosis was evaluated for the liver [282]. 
Considering the recent discovery and few studies on cuproptosis 
resulting from a PM insult, and we believe the time is ripe for more 
studies in vitro and in vivo considering the wide range of copper sources 
presented.

Fig. 4 illustrates the cell deaths resulting from PM exposure discussed 
in Section 7 of this review.
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Upon PM exposure, following reception and transduction (Section 
3), the biological response at the tissue or organism scale alluded to thus 
far in this review is most often inflammation. Inflammation can either be 
local or systemic, and either acute or chronic. Several PM-induced signal 
transduction pathways mentioned have the potential of leading the 
human body to systemic inflammation: OS, Nrf2, NF-κB (including 
activated from ER stress), MAPK, and JAK/STAT. Targeting these 
pathways for therapy options is dependent on our knowledge of how 
insults affect them. For example, a review by Pardo et al. [283] exam
ined the role of Nrf2 in preventing PM-induced toxicity by protection 
against OS and inflammation [283]. Dissimilar to Nrf2’s role in drug/PM 
metabolism and antioxidant defenses, NF-κB instead acts as a regulator 
more downstream during inflammation and the ensuing immune re
sponses [284]. As elaborated in Section 7, the potential for systemic 
inflammation is not limited to activation or modification of these 
pathways, but can also follow cell death, specifically, dysregulated 
apoptosis, necrosis (abnormal and programmed), and cuproptosis. We 
summarize the role of important proteins in all cell death mechanisms in 
Table 1, including potential for tissue-level outcomes.

We note that the effect of inflammation on disease onset should be 
studied beyond a single cell type, and generally showcases the superi
ority of in vivo models compared to in vitro models, because at the or
ganism scale, the molecules (proteins) that signal a whole-body response 
across organs are released into the bloodstream. These are known as 
cytokines [287] and, while they can be redundant due to overlapping 
functions [288], are a hallmark of paracrine and endocrine signaling in 
our immune system. Considering we emphasized discussion on cyto
toxicity and autocrine signaling thus far, we did want to mention 
paracrine and endocrine signaling in this section, because examples of 
cytokines mentioned in this review included several interleukins and 
TNFα. The pathologies that arise as a result of elevated acute or chronic 
inflammation are varied for several reasons: the redox imbalance 
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resulting in OS now triggers a cascade of inflammatory responses, 
inflammation can be localized to a specific tissue of a specific organ, or 
the affected pathway is cell-specific. For example, cytokines TNFα and 
interleukin-13 (IL-13) lead to inflammation that triggers asthma [285,
286]. Interestingly, it is proposed that inhibitor of apoptosis (IAP) pro
teins, such as cIAP1 and cIAP2 mentioned in Section 7.2.1., determine 
whether a cell dies with or without an inflammatory response [289]. As 
a result, IAP inhibitors offer an attractive avenue in the pursuit of cancer 
therapies with clinical trials underway [290].

Aside from inflammation, another biological response is the forma
tion of tumors, which may progress to become malignant (i.e., cancer). 
The relevance of PM in cancer has recently been re-evaluated for lung 
cancer specifically. This is because, although globally decreasing, lung 
cancer is increasing in the non-smoking population and PM exposure is 
the likely cause [291–294]. A 2013 study reported that an increase of 10 
μg/m3 of PM10 increased lung cancer risk by 22% and lung adenocar
cinoma risk by 51%, whereas an increase of 5 μg/m3 of PM2.5 increased 
lung cancer risk by 18% and lung adenocarcinoma risk by 55% [295]. A 
newer 2020 study based on a cohort in a different continent instead 
reported that an increase of 10 μg/m3 of PM2.5, during a 3-year expo
sure, increased lung cancer risk by 12% [296]. Both studies report 95% 
confidence intervals in their data. Elucidating the effect of PM on lung 
cancer rates may not be as straightforward due to person-to-person ge
netics and random mutations coming to play. Random mutations in 
genes that code for enzymes that regulate apoptosis, such as caspases or 
more commonly p53, are a cause of cancer [297,298]. If an enzyme 
cannot carry out regulated self-destruction of the cell, the cell pro
liferates until a tumor forms. Notably and fairly recently, the canonical 
initiation-promotion model for tumorigenesis [299] has been reeval
uated partly due to the influence of environmental toxins (such as PM) to 
the random mutation [300]. Notably are the oncogenic mutations in 
KRAS and EGFR occurring in healthy lung tissue. Similar to the AhR, 
EGFR is a receptor. However, unlike the AhR, EGFR is not involved in 
xenobiotic sensing; rather, it is involved in normal cell growth and 
regeneration with a pathway that ultimately affects transcription. We 
believe public health policy and lung cancer therapy could benefit from 

EGFR research considering a recent impactful study association PM 
exposure to EGFR-driven lung cancer [301]. Other recent impactful 
cancer therapy options arise from PANoptosis (which encapsulates 
pyroptosis, apoptosis, and necrosis) [302], and cuproptosis [303]. For 
hereditable traits, AhR-mediated PAH and HAH metabolism leads to 
epigenetic changes.
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The cell signaling process following PM detection that leads to its 
metabolism is mediated by the AhR; downstream processes from signal 
transduction to the cellular response result in either cell survival by 
inflammation, or cell death. Signal transduction can take many avenues 
and is likely dependent on the physicochemical properties of PM; this is 
an area we believe benefits from further research. Generally, if natural 
defenses such as mucociliary clearance don’t suffice and PM resides long 
enough and in high enough concentrations, at the cellular level, it elicits 
OS. We highlight two types of PM components, organic and metallic. 
Metallic PM elicits OS by direct redox imbalance whereas organic PM 
does so mediated by the AhR that induces increased expression of XMEs 
such as Cyp450s; the metabolites of this enzyme then elicit OS (or even 
epigenetic changes to DNA). Following OS can be several processes, but 
generally involve organelle damage as first step and a subsequent energy 
imbalance in the cell. We highlighted two important organelles whose 
PM-induced damage leads to cell death or inflammation: the ER and the 
mitochondrion. In terms of cell death, PM alters endogenous processes 
such as autophagy and apoptosis, or induces abnormal processes, known 
as necrosis and very recently (and very specifically to copper) cuprop
tosis. We discussed these latter two in some detail as they are fairly 
recent discoveries and important in our view for future research in PM- 
induced damage. Importantly, throughout this review, we list proteins 
that are important in the many signaling pathways mentioned and 
involved (from a lesser to pivotal extent) both in homeostasis and dys
regulated by PM exposure. This list may be extensive, but we believe is 
important for both aerosol scientists and clinicians because most ave
nues to cell death are very well regulated, and knowledge of cascades 

�+���������"�� Three major cell death pathways. Black text indicates normally occurring cell death (e.g., during homeostasis) whereas red text indicates abnormal cell death 
resulting from PM insults. Cuproptosis is not shown in this figure.
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Important proteins and genes mentioned in this review that are measurably affected by PM. Note that the functions, pathways, etc. implicated are in response to PM or 
drugs, specifically, in this table.

Full name Abbreviation Gene 
or 
Protein

Cell Signaling Function Pathway(s) 
Affected

Cellular- 
level 
Outcome

Tissue-level 
Outcome

Knowledge Citations

Aryl Hydrocarbon 
Receptor

AhR Protein Reception Binds to 
exogenous 
compounds (PM 
or PM 
components)

NF-κB; others Many Many High [88,8,90,67]

Cytochrome P450s Cyp450s Protein Early 
Transduction

Xenobiotic 
metabolizing 
enzymes 
(metabolize PM)

None 
intrinsically

Many Many High [8,71–79, 
145,146, 
149,150,]

Epoxide hydrolases EHs Protein Early 
Transduction

Xenobiotic 
metabolizing 
enzymes 
(metabolize PM)

None 
intrinsically

Many Many Medium-high [8,127]

Flavin-containing 
monooxygenases

FMOs Protein Early 
Transduction

Xenobiotic 
metabolizing 
enzymes 
(metabolize PM)

None 
intrinsically

Many Many Medium [118,121]

Glycosyltransfarases Gtfs Protein Early 
Transduction

Xenobiotic 
metabolizing 
enzymes 
(metabolize PM)

None 
intrinsically

Many Many Medium-high [115,116]

Glutathione S- 
transferases

GSTs Protein Early 
Transduction

Xenobiotic 
metabolizing 
enzymes 
(metabolize PM)

None 
intrinsically

Many Many Medium-high [80,132,
127,82]

(NADPH) Quinone 
oxidoreductases

NQOs Protein Early 
Transduction

"Detoxifying" / 
"Phase II" 
(metabolize PM)

None 
intrinsically

Many Many Medium [210,83,84]

Inositol-requiring 
enzyme 1α

IRE1α Protein Transduction: 
ER stress

Initiate unfolded 
protein response 
signaling

UPR signaling Apoptosis Many Medium [180] (and 
references 
therein); 
[181] (and 
references 
therein)

Protein kinase RNA- 
like endoplasmic 
reticulum kinase

PERK Protein Transduction: 
ER stress

Initiate unfolded 
protein response 
signaling

UPR signaling Apoptosis Many Medium [180] (and 
references 
therein); 
[181] (and 
references 
therein)

Activating 
transcription factor 6

ATF6 Protein Transduction: 
ER stress

Initiate unfolded 
protein response 
signaling

UPR signaling Apoptosis Many Medium [180] (and 
references 
therein); 
[181] (and 
references 
therein)

c-Jun NH2-terminal 
kinase

JNK Protein Transduction: 
ER stress

affects ER 
permeability 
(releasing pro- 
apoptotic 
proteins)

NF-kB? Apoptosis Many Medium [180] (and 
references 
therein); 
[181] (and 
references 
therein)

B-cell leukemia/ 
lymphoma 2

Bcl-2 Protein Transduction Pro-apoptotic or 
anti-apoptotic 
protein; affects 
MOMP

NF-kB? Apoptosis Many Unclear, may 
depend on PM 
concentration

[228,229]

Bcl-2-associated X 
protein

Bax Protein Transduction Pro-apoptotic or 
anti-apoptotic 
protein; affects 
MOMP

NF-kB? Apoptosis Many Unclear, may 
depend on PM 
concentration

[228,229]

Cytochrome C - Protein Transduction Pro-apoptotic NF-kB; 
Intrinsic 
apoptotic 
pathway

Apoptosis Many High [193,226,
211,212,
227] (and 
references 
therein)

second mitochondria- 
derived activator of 
caspases/direct 
inhibitor of 
apoptosis-binding 
protein with low pI

Smac/ 
DIABLO

Protein Transduction Pro-apoptotic Intrinsic 
apoptotic 
pathway

Apoptosis Many Medium-high [192] (and 
references 
therein); 
[190] (and 
references 
therein)
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and checkpoints offer valuable targets for therapeutic interventions. 
Finally, we briefly scale up the effect of a PM insult from the cellular 
scale to the tissue scale and discuss survival mechanisms such as 
inflammation and cancer. Where beyond the scope or purpose of this 
review, we attempted to leave the reader with cited literature for in- 
depth reading, based on our survey of the literature, of what we found 
most helpful. We would like to mention that the physical uptake of PM 
prior to even AhR reception is not discussed in this review.
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Full name Abbreviation Gene 
or 
Protein 

Cell Signaling Function Pathway(s) 
Affected 

Cellular- 
level 
Outcome 

Tissue-level 
Outcome 

Knowledge Citations

Mitofusins Mfns Protein Transduction MAM teathering 
protein

Intrinsic 
apoptotic 
pathway 
(specifically, 
MOMP)

Apoptosis Many Low [201,200,
199,203]

vesicle-associated 
membrane protein- 
associated protein B- 
protein tyrosine 
phosphatase- 
interacting protein 
51 comlex

VAPB- 
PTPIP51

Protein Transduction MAM teathering 
protein

Intrinsic 
apoptotic 
pathway 
(specifically, 
MOMP)

Apoptosis Many None None 
specific to 
PM exposure

inositol 1,4,5-trisphos
phate receptor- 
glucose-regulated 
protein 75- voltage- 
dependent anion 
channel 1 complex

IP3R-GRP75- 
VDAC1

Protein Transduction MAM teathering 
protein

Intrinsic 
apoptotic 
pathway 
(specifically, 
MOMP)

Apoptosis Many None None 
specific to 
PM exposure

Caspases - Protein Transduction Regulators of 
inflammatory 
responses

Many Apoptosis, 
Pyroptosis

Inflammation High [226,257,
227,258,
259]; [261, 
263][265,
264]

microtubule-associated 
protein light chain 3s

LC3s Protein Transduction Autophagic 
marker; PAM 
signaling

NF-κB; ER 
stress; JAK/ 
STAT)

Autophagy Unclear Medium-low [224,221]

sequestosome 1 (also known 
as p62)

Protein Transduction Receptor of 
autophagy; PAM 
signaling

NF-κB; ER 
stress; JAK/ 
STAT)

Autophagy Unclear Medium-low [224,221]

Nuclear Factor kappa- 
light-chain-enhancer 
of activated B cells

NF-κB Protein Transduction Transcription 
factor

NF-κB Apoptosis Many Medium-high Many

Histone deacetylase 6 HDAC6 Protein Transduction Cilia formation; 
mitochondiral- 
associated 
proteins?

Unclear Unclear Ciliopathies Low [232,233, 
234]

Qualitative decrease in 
glutathione 
peroxidase 4

GPX4 Protein Transduction Biomarker for 
ferroptosis

Unclear Ferroptosis Unclear Low [273]

Ferredoxin / 
Ferredoxin 1 gene

FDX1 Gene Transduction Biomarker for 
cuproptosis

Unclear Cuproptosis Unclear Low [281]

dihydrolipoamide 
succinyltransferase 
gene

DLST Gene Transduction Biomarker for 
cuproptosis

Unclear Cuproptosis Unclear Low [281]

dihydrolipoamide 
acetyltransferase 
gene

DLAT Gene Transduction Biomarker for 
cuproptosis

Unclear Cuproptosis Unclear Low [281]

Cu transporter 1 gene CTR1 Gene Transduction Biomarker for 
cuproptosis

Unclear Cuproptosis Unclear Low [281]

Interleukins Ils Protein Transduction: 
cytokine 
signaling

Communicate 
with other cells 
or tissues to 
initiate immune 
response

Many Many Inflammation High Many, 
including 
[85,73,74,
257,205,
258,285,86,
259,286,
87]; [261, 
281]
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[190] J. Rodríguez-González, L. Gutiérrez-Kobeh, Apoptosis and its pathways as targets 
for intracellular pathogens to persist in cells, Parasitol. Res. 123 (1) (2024) v.

[191] J.E. Chipuk, L. Bouchier-Hayes, D.R. Green, Mitochondrial outer membrane 
permeabilization during apoptosis: the innocent bystander scenario, Cell Death 
Differ. 13 (8) (2006) 1396–1402, v.

[192] C.X. Wang, R.J. Youle, The role of mitochondria in apoptosis, Annu. Rev. Genet. 
43 (2009) 95–118, v.

[193] S.M. Aghaei-Zarch, A.H.S. Nia, M. Nouri, F. Mousavinasab, S. Najafi, S. Bagheri- 
Mohammadi, F. Aghaei-Zarch, A. Toolabi, H. Rasoulzadeh, J. Ghanavi, The 
impact of particulate matters on apoptosis in various organs: mechanistic and 
therapeutic perspectives, Biomed. Pharmacother. 165 (2023) 115054 v.

[194] X. Deng, F. Zhang, L. Wang, W. Rui, F. Long, Y. Zhao, D. Chen, W. Ding, Airborne 
fine particulate matter induces multiple cell death pathways in human lung 
epithelial cells, Apoptosis 19 (2014) 1099–1112, v.

[195] P. Delmotte, G.C. Sieck, Endoplasmic reticulum stress and mitochondrial function 
in airway smooth muscle, Front. Cell Dev. Biol. 7 (2020) 374, v.

[196] O.M. De Brito, L. Scorrano, Mitofusin 2 tethers endoplasmic reticulum to 
mitochondria, Nature 456 (7222) (2008) 605–610, v.

[197] K.J. De Vos, G.M. Morotz, R. Stoica, E.L. Tudor, K.-F. Lau, S. Ackerley, A. Warley, 
C.E. Shaw, C.C. Miller, VAPB interacts with the mitochondrial protein PTPIP51 to 
regulate calcium homeostasis, Hum. Mol. Genet. 21 (6) (2012) 1299–1311, v.

[198] G.r. Szabadkai, K. Bianchi, P. Várnai, D. De Stefani, M.R. Wieckowski, 
D. Cavagna, A.I. Nagy, T. Balla, R. Rizzuto, Chaperone-mediated coupling of 
endoplasmic reticulum and mitochondrial Ca2+ channels, J. Cell Biol. 175 (6) 
(2006) 901–911, v.

[199] R.J. Li, X.J. Kou, H. Geng, J.F. Xie, Z.H. Yang, Y.X. Zhang, Z.W. Cai, C. Dong, 
Effect of ambient PM2.5 on lung mitochondrial damage and fusion/fission gene 
expression in rats, Chem. Res. Toxicol. 28 (3) (2015) 408–418, v.

[200] Z. Guo, Z. Hong, W. Dong, C. Deng, R. Zhao, J. Xu, G. Zhuang, R. Zhang, PM2. 5- 
induced oxidative stress and mitochondrial damage in the nasal mucosa of rats, 
Int. J. Environ. Res. Public Health 14 (2) (2017) 134, v.

[201] E.M. Chang, C.C. Chao, M.T. Wang, C.L. Hsu, P.C. Chen, PM2.5 promotes 
pulmonary fibrosis by mitochondrial dysfunction, Environ. Toxicol. 38 (8) (2023) 
1905–1913, v.

[202] Q. Liu, J.L. Weng, C.F. Li, Y. Feng, M.Q. Xie, X.H. Wang, Q. Chang, M.N. Li, K. 
F. Chung, I.M. Adcock, Y. Huang, H. Zhang, F. Li, Attenuation of PM2.5-induced 
alveolar epithelial cells and lung injury through regulation of mitochondrial 
fission and fusion, Part Fibre Toxicol. 20 (1) (2023) v.

[203] X.Y. Miao, W.K. Li, B.Y. Niu, J.S. Li, J.J. Sun, M.N. Qin, Z.X. Zhou, Mitochondrial 
dysfunction in endothelial cells induced by airborne fine particulate matter (<2.5 
μm), J. Appl. Toxicol. 39 (10) (2019) 1424–1432, v.

[204] A. Bhargava, S. Tamrakar, A. Aglawe, H. Lad, R.K. Srivastava, D.K. Mishra, 
R. Tiwari, K. Chaudhury, I.Y. Goryacheva, P.K. Mishra, Ultrafine particulate 
matter impairs mitochondrial redox homeostasis and activates 
phosphatidylinositol 3-kinase mediated DNA damage responses in lymphocytes, 
Environ. Pollut. 234 (2018) 406–419, v.

[205] B. Leclercq, J. Kluza, S. Antherieu, J. Sotty, L. Alleman, E. Perdrix, A. Loyens, 
P. Coddeville, J.-M.L. Guidice, P. Marchetti, Air pollution-derived PM2. 5 impairs 
mitochondrial function in healthy and chronic obstructive pulmonary diseased 
human bronchial epithelial cells, Environ. Pollut. 243 (2018) 1434–1449, v.

[206] R.H. Morris, S.J. Counsell, I.M. McGonnell, C. Thornton, Exposure to urban 
particulate matter (UPM) impairs mitochondrial dynamics in BV2 cells, triggering 
a mitochondrial biogenesis response, J. Physiol. (Lond.) 602 (12) (2024) 
2737–2750, v.

[207] Y.-N. Qiu, G.-H. Wang, F. Zhou, J.-J. Hao, L. Tian, L.-F. Guan, X.-K. Geng, Y.- 
C. Ding, H.-W. Wu, K.-Z. Zhang, PM2. 5 induces liver fibrosis via triggering ROS- 
mediated mitophagy, Ecotoxicol. Environ. Saf. 167 (2019) 178–187, v.

�"���'�����"���
�����	�
���"��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������Next Research 9 (2026) 101769 

����  

http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0123
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0123
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0123
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0098
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0098
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0098
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0205
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0205
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0205
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0292
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0292
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0025
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0025
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0237
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0237
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0015
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0015
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0015
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0167
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0167
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0167
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0168
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0168
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0019
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0019
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0019
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0019
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0019
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0078
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0078
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0078
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0102
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0102
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0102
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0166
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0166
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0166
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0287
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0287
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0287
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0174
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0174
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0158
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0158
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0158
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0030
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0030
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0030
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0278
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0278
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0278
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0007
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0007
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0007
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0035
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0035
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0057
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0057
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0057
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0105
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0105
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0269
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0269
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0010
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0010
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0265
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0265
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0132
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0132
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0132
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0208
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0208
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0208
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0208
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0250
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0250
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0250
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0250
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0280
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0280
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0280
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0235
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0235
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0261
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0261
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0133
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0133
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0133
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0133
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0285
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0285
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0285
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0067
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0067
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0067
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0067
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0293
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0293
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0293
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0293
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0197
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0197
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0197
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0197
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0273
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0273
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0273
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0199
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0199
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0199
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0199
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0264
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0264
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0264
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0218
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0218
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0042
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0042
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0042
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0267
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0267
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0003
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0003
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0003
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0003
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0062
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0062
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0062
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0061
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0061
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0058
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0058
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0059
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0059
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0059
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0249
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0249
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0249
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0249
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0144
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0144
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0144
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0092
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0092
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0092
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0040
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0040
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0040
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0150
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0150
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0150
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0150
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0163
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0163
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0163
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0026
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0026
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0026
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0026
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0026
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0134
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0134
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0134
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0134
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0173
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0173
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0173
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0173
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0210
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0210
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0210


[208] J. Sharma, K. Parsai, P. Raghuwanshi, S.A. Ali, V. Tiwari, A. Bhargava, P. 
K. Mishra, Emerging role of mitochondria in airborne particulate matter-induced 
immunotoxicity, Environ. Pollut. 270 (2021) 116242 v.

[209] M. Redza-Dutordoir, D.A. Averill-Bates, Activation of apoptosis signalling 
pathways by reactive oxygen species, Biochim. Biophys. Acta (BBA)-Mol. Cell Res. 
1863 (12) (2016) 2977–2992, v.

[210] V. A. Baulig, M. Garlatti, Bonvallot, A. Marchand, R. Barouki, F. Marano, 
A. Baeza-Squiban, Involvement of reactive oxygen species in the metabolic 
pathways triggered by diesel exhaust particles in human airway epithelial cells 
Am. J. Physiol.-Lung Cell. Mol. Physiol. 285 (3) (2003) L671–L679. v.

[211] Z. Dagher, G. Garçon, S. Billet, P. Gosset, F. Ledoux, D. Courcot, A. Aboukais, 
P. Shirali, Activation of different pathways of apoptosis by air pollution 
particulate matter (PM2. 5) in human epithelial lung cells (L132) in culture, 
Toxicology 225 (1) (2006) 12–24, v.

[212] Z. Dagher, G. Garçon, P. Gosset, F. Ledoux, G. Surpateanu, D. Courcot, 
A. Aboukais, E. Puskaric, P. Shirali, Pro-inflammatory effects of Dunkerque city 
air pollution particulate matter 2.5 in human epithelial lung cells (L132) in 
culture, J. Appl. Toxicol.: An Int. J. 25 (2) (2005) 166–175, v.

[213] N. Li, C. Sioutas, A. Cho, D. Schmitz, C. Misra, J. Sempf, M.Y. Wang, T. Oberley, 
J. Froines, A. Nel, Ultrafine particulate pollutants induce oxidative stress and 
mitochondrial damage, Environ. Health Perspect. 111 (4) (2003) 455–460, v.

[214] J.M. Backer, I.B. Weinstein, Interaction of Benzo(a)Pyrene and its dihydrodiol- 
epoxide derivative with nuclear and mitochondrial-DNA in C3h10t1/2 cell- 
cultures, Cancer Res. 42 (7) (1982) 2764–2769, v.

[215] J.N. Meyer, M.C.K. Leung, J.P. Rooney, A. Sendoel, M.O. Hengartner, G.E. Kisby, 
A.S. Bess, Mitochondria as a target of environmental toxicants, Toxicol. Sci. 134 
(1) (2013) 1–17, v.

[216] N. Pieters, G. Koppen, K. Smeets, D. Napierska, M. Plusquin, S. De Prins, H. Van 
de Weghe, V. Nelen, B. Cox, A. Cuypers, P. Hoet, G. Schoeters, T.S. Nawrot, 
Decreased mitochondrial DNA content in association with exposure to polycyclic 
aromatic hydrocarbons in house dust during wintertime: from a population 
enquiry to cell culture, PLoS One 8 (5) (2013) v.

[217] Q. Xiong, Q. Ru, L. Chen, X. Tian, C.Y. Li, Mitochondrial dysfunction and 
inflammatory response in the cytotoxicity of NR8383 macrophages induced by 
fine particulate matter, Environ. Toxicol. Pharmacol. 55 (2017) 1–7, v.

[218] H. Wei, W. Yuan, H. Yu, H. Geng, Cytotoxicity induced by fine particulate matter 
(PM 2.5) via mitochondria-mediated apoptosis pathway in rat alveolar 
macrophages, Environ. Sci. Pollut. Res. 28 (2021) 25819–25829, v.

[219] S. Chew, N. Kolosowska, L. Saveleva, T. Malm, K.M. Kanninen, Impairment of 
mitochondrial function by particulate matter: implications for the brain, 
Neurochem. Int. 135 (2020) 104694 v.

[220] Z. An, G. Liu, L. Shen, Y. Qi, Q. Hu, J. Song, J. Li, J. Du, Y. Bai, W. Wu, 
Mitochondrial dysfunction induced by ambient fine particulate matter and 
potential mechanisms, Environ. Res. (2024) 119930.

[221] R. Su, X. Jin, W. Zhang, Z. Li, X. Liu, J. Ren, Particulate matter exposure induces 
the autophagy of macrophages via oxidative stress-mediated PI3K/AKT/mTOR 
pathway, Chemosphere 167 (2017) 444–453, v.

[222] Y. He, M.M. Sun, G.G. Zhang, J. Yang, K.S. Chen, W.W. Xu, B. Li, Targeting PI3K/ 
akt signal transduction for cancer therapy, Signal Transduct. Target. Ther. 6 (1) 
(2021) 425, v.

[223] C. Porta, C. Paglino, A. Mosca, Targeting PI3K/Akt/mTOR signaling in cancer, 
Front. Oncol. 4 (2014) 64, v.

[224] B. Liu, Y. Han, Y. Ye, X. Wei, G. Li, W. Jiang, Atmospheric fine particulate matter 
(PM2. 5) induces pulmonary fibrosis by regulating different cell fates via 
autophagy, Sci. Total Environ. 923 (2024) 171396 v.

[225] C.J. Norbury, I.D. Hickson, Cellular responses to DNA damage, Annu. Rev. 
Pharmacol. Toxicol. 41 (1) (2001) 367–401, v.

[226] V.R. Baichwal, P.A. Baeuerle, Apoptosis: activate NF-κb or die? Curr. Biol. 7 (2) 
(1997) R94–R96, v.

[227] N. Khandelwal, J. Simpson, G. Taylor, S. Rafique, A. Whitehouse, J. Hiscox, 
L. Stark, Nucleolar NF-κb/RelA mediates apoptosis by causing cytoplasmic 
relocalization of nucleophosmin, Cell Death Differ. 18 (12) (2011) 1889–1903, v.

[228] J. Kale, E.J. Osterlund, D.W. Andrews, BCL-2 family proteins: changing partners 
in the dance towards death, Cell Death Differ. 25 (1) (2018) 65–80, v.

[229] E. Lomonosova, G. Chinnadurai, BH3-only proteins in apoptosis and beyond: an 
overview, Oncogene 27 (1) (2008) S2–S19, v.

[230] A. Picca, J. Faitg, J. Auwerx, L. Ferrucci, D. D’Amico, Mitophagy in human health, 
ageing and disease, Nat. Metab. 5 (12) (2023) 2047–2061, v.

[231] C. Hubbert, A. Guardiola, R. Shao, Y. Kawaguchi, A. Ito, A. Nixon, M. Yoshida, X. 
F. Wang, T.P. Yao, HDAC6 is a microtubule-associated deacetylase, Nature 417 
(6887) (2002) 455–458, v.

[232] M. Morleo, H.L.A. Vieira, P. Pennekamp, A. Palma, L. Bento-Lopes, H. Omran, S. 
S. Lopes, D.C. Barral, B. Franco, Crosstalk between cilia and autophagy: 
implication for human diseases, Autophagy 19 (1) (2023) 24–43, v.

[233] E. Peixoto, S. Jin, K. Thelen, A. Biswas, S. Richard, M. Morleo, A. Mansini, 
S. Holtorf, F. Carbone, N. Pastore, A. Ballabio, B. Franco, S.A. Gradilone, HDAC6- 
dependent ciliophagy is involved in ciliary loss and cholangiocarcinoma growth 
in human cells and murine models, Am. J. Physiol.-Gastrointest. Liver Physiol. 
318 (6) (2020) G1022–G1033, v.

[234] P. Shi, L.B. Hoang-Minh, J. Tian, A. Cheng, R. Basrai, N. Kalaria, J.J. Lebowitz, 
H. Khoshbouei, L.P. Deleyrolle, M.R. Sarkisian, HDAC6 Signaling at primary cilia 
promotes proliferation and restricts differentiation of glioma cells, Cancers 
(Basel) 13 (7) (2021) 1644, v.

[235] M. Beljkas, A. Ilic, A. Cebzan, B. Radovic, N. Djokovic, D. Ruzic, K. Nikolic, 
S. Oljacic, Targeting histone deacetylases 6 in dual-target therapy of cancer, 
Pharmaceutics 15 (11) (2023) v.

[236] S. Geurs, D. Clarisse, F. Baele, J. Franceus, T. Desmet, K. De Bosscher, 
M. D'hooghe, Identification of mercaptoacetamide-based HDAC6 inhibitors a lean 
inhibitor strategy: screening, synthesis, and biological evaluation, Chem. 
Commun. 58 (42) (2022) 6239–6242, v.

[237] D. Mitroo, D.N. Das, P.D. Hamilton, B.M. Kumfer, N. Ravi, Combustion conditions 
influence toxicity of flame-generated soot to ocular (ARPE-19) cells, Environ. 
Pollut. 344 (2024) 123307 v.

[238] E. Hondroulis, C. Liu, C.Z. Li, Whole cell based electrical impedance sensing 
approach for a rapid nanotoxicity assay, Nanotechnology 21 (2010) 31, v.

[239] J. Wegener, C.R. Keese, I. Giaever, Electric cell-substrate impedance sensing 
(ECIS) as a noninvasive means to monitor the kinetics of cell spreading to 
artificial surfaces, Exp. Cell Res. 259 (1) (2000) 158–166, v.

[240] D.N. Das, P.P. Naik, S. Mukhopadhyay, P.K. Panda, N. Sinha, B.R. Meher, S. 
K. Bhutia, Elimination of dysfunctional mitochondria through mitophagy 
suppresses benzo [a] pyrene-induced apoptosis, Free Radic. Biol. Med. 112 (2017) 
452–463, v.

[241] G. Kroemer, L. Galluzzi, P. Vandenabeele, J. Abrams, E.S. Alnemri, E. Baehrecke, 
M. Blagosklonny, W. El-Deiry, P. Golstein, D. Green, Classification of cell death: 
recommendations of the Nomenclature Committee on Cell Death 2009, Cell Death 
Differ. 16 (1) (2009) 3–11, v.

[242] K. Ardon-Dryer, C. Mock, J. Reyes, G. Lahav, The effect of dust storm particles on 
single human lung cancer cells, Environ. Res. 181 (2020) 108891 v.

[243] N. Festjens, T. Vanden Berghe, P. Vandenabeele, Necrosis, a well-orchestrated 
form of cell demise: signalling cascades, important mediators and concomitant 
immune response, Biochim. Biophys. Acta (BBA)-Bioenerg. 1757 (9-10) (2006) 
1371–1387, v.

[244] P. Golstein, G. Kroemer, Cell death by necrosis: towards a molecular definition, 
Trends. Biochem. Sci. 32 (1) (2007) 37–43, v.

[245] E.H. Kim, S.-W. Wong, J. Martinez, Programmed necrosis and disease: we 
interrupt your regular programming to bring you necroinflammation, Cell Death 
Differ. 26 (1) (2019) 25–40, v.

[246] L. Galluzzi, I. Vitale, J. Abrams, E. Alnemri, E. Baehrecke, M. Blagosklonny, 
T. Dawson, V. Dawson, W. El-Deiry, S. Fulda, Molecular definitions of cell death 
subroutines: recommendations of the nomenclature committee on cell death 
2012, Cell Death Differ. 19 (1) (2012) 107–120, v.

[247] Y. Cho, S. Challa, D. Moquin, R. Genga, T.D. Ray, M. Guildford, F.K.-M. Chan, 
Phosphorylation-driven assembly of the RIP1-RIP3 complex regulates 
programmed necrosis and virus-induced inflammation, Cell 137 (6) (2009) 
1112–1123, v.

[248] S. He, L. Wang, L. Miao, T. Wang, F. Du, L. Zhao, X. Wang, Receptor interacting 
protein kinase-3 determines cellular necrotic response to TNF-α, Cell 137 (6) 
(2009) 1100–1111, v.

[249] P. Vandenabeele, L. Galluzzi, T. Vanden Berghe, G. Kroemer, Molecular 
mechanisms of necroptosis: an ordered cellular explosion, Nat. Rev. Mol. Cell 
Biol. 11 (10) (2010) 700–714, v.

[250] D.-W. Zhang, J. Shao, J. Lin, N. Zhang, B.-J. Lu, S.-C. Lin, M.-Q. Dong, J. Han, 
RIP3, an energy metabolism regulator that switches TNF-induced cell death from 
apoptosis to necrosis, Science (1979) 325 (5938) (2009) 332–336, v.

[251] S. Grootjans, T. Vanden Berghe, P. Vandenabeele, Initiation and execution 
mechanisms of necroptosis: an overview, Cell Death Differ. 24 (7) (2017) 
1184–1195, v.

[252] B. Hanson, Necroptosis: A new way of dying? Cancer Biol. Ther. 17 (9) (2016) 
899–910, v.

[253] X. Wu, L.E. Nagy, J. Gautheron, Mediators of necroptosis: from cell death to 
metabolic regulation, EMBO Mol. Med. 16 (2) (2024) 219–237, v.

[254] A. Linkermann, D.R. Green, Necroptosis, N. Engl. J. Med. 370 (5) (2014) 
455–465, v.

[255] M. Pasparakis, P. Vandenabeele, Necroptosis and its role in inflammation, Nature 
517 (7534) (2015) 311–320, v.

[256] J. Yan, P. Wan, S. Choksi, Z.-G. Liu, Necroptosis and tumor progression, Trends. 
Cancer 8 (1) (2022) 21–27, v.

[257] N. Ketelut-Carneiro, K.A. Fitzgerald, Inflammasomes, Curr. Biol. 30 (12) (2020) 
R689–R694, v.

[258] F. Martinon, K. Burns, J. Tschopp, The inflammasome: a molecular platform 
triggering activation of inflammatory caspases and processing of proIL-β, Mol. 
Cell 10 (2) (2002) 417–426, v.

[259] K. Schroder, J. Tschopp, The inflammasomes, Cell 140 (6) (2010) 821–832, v.
[260] S.M. Man, R. Karki, T.D. Kanneganti, Molecular mechanisms and functions of 

pyroptosis, inflammatory caspases and inflammasomes in infectious diseases, 
Immunol. Rev. 277 (1) (2017) 61–75, v.

[261] J. Li, Z. An, J. Song, J. Du, L. Zhang, J. Jiang, Y. Ma, C. Wang, J. Zhang, W. Wu, 
Fine particulate matter-induced lung inflammation is mediated by pyroptosis in 
mice, Ecotoxicol. Environ. Saf. 219 (2021) 112351 v.

[262] J. Li, Y. Zhang, L. Zhang, Z. An, J. Song, C. Wang, Y. Ma, Q. Gu, Q. Luo, W. Yang, 
Fine particulate matter exposure exacerbated nasal mucosal damage in allergic 
rhinitis mice via NLRP3 mediated pyroptosis, Ecotoxicol. Environ. Saf. 228 
(2021) 112998 v.

[263] F. Li, J. Xu, J. Zhang, X. Xu, L. Huang, W. Sun, R. Li, F. Li, PM 2.5 induced lung 
injury through upregulating ROS-dependent NLRP3 inflammasome-mediated, 
Immunobiology 227 (3) (2022) v.

[264] X. Fu, W. Hong, S. Li, Z. Chen, W. Zhou, J. Dai, X. Deng, H. Zhou, B. Li, P. Ran, 
Wood smoke particulate matter (WSPM2. 5) induces pyroptosis through both 
caspase-1/IL-1β/IL-18 and ATP/P2Y-dependent mechanisms in human bronchial 
epithelial cells, Chemosphere 307 (2022) 135726 v.

�"���'�����"���
�����	�
���"��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������Next Research 9 (2026) 101769 

����  

http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0232
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0232
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0232
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0213
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0213
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0213
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0020
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0020
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0020
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0020
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0052
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0052
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0052
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0052
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0053
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0053
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0053
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0053
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0143
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0143
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0143
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0013
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0013
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0013
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0161
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0161
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0161
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0204
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0204
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0204
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0204
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0204
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0284
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0284
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0284
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0275
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0275
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0275
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0041
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0041
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0041
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0008
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0008
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0008
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0247
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0247
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0247
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0104
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0104
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0104
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0207
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0207
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0149
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0149
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0149
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0183
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0183
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0014
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0014
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0125
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0125
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0125
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0122
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0122
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0151
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0151
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0203
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0203
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0113
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0113
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0113
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0172
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0172
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0172
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0200
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0200
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0200
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0200
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0200
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0233
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0233
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0233
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0233
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0022
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0022
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0022
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0084
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0084
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0084
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0084
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0165
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0165
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0165
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0110
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0110
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0274
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0274
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0274
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0055
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0055
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0055
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0055
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0130
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0130
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0130
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0130
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0011
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0011
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0073
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0073
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0073
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0073
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0086
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0086
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0126
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0126
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0126
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0076
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0076
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0076
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0076
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0043
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0043
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0043
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0043
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0103
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0103
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0103
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0263
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0263
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0263
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0299
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0299
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0299
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0089
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0089
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0089
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0097
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0097
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0282
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0282
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0148
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0148
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0198
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0198
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0288
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0288
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0124
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0124
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0156
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0156
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0156
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0230
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0153
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0153
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0153
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0139
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0139
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0139
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0142
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0142
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0142
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0142
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0138
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0138
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0138
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0075
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0075
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0075
http://refhub.elsevier.com/S3050-4759(26)00465-3/sbref0075


[265] H. Choi, H. Choi, J.-M. Oh, D.C. Lee, Particulate matter induces NLRP3 
inflammasome-mediated pyroptosis in Human nasal epithelial cells, J. Rhinol. 31 
(2) (2024) 106–113, v.

[266] J. Li, F. Cao, H.-l. Yin, Z.-j. Huang, Z.-t. Lin, N. Mao, B. Sun, G. Wang, Ferroptosis: 
past, present and future, Cell Death Dis. 11 (2) (2020) 88, v.

[267] W.S. Yang, B.R. Stockwell, Ferroptosis: death by lipid peroxidation, Trends Cell 
Biol. 26 (3) (2016) 165–176, v.

[268] S.J. Dixon, K.M. Lemberg, M.R. Lamprecht, R. Skouta, E.M. Zaitsev, C.E. Gleason, 
D.N. Patel, A.J. Bauer, A.M. Cantley, W.S. Yang, Ferroptosis: an iron-dependent 
form of nonapoptotic cell death, Cell 149 (5) (2012) 1060–1072, v.

[269] B.R. Stockwell, J.P.F. Angeli, H. Bayir, A.I. Bush, M. Conrad, S.J. Dixon, S. Fulda, 
S. Gascón, S.K. Hatzios, V.E. Kagan, Ferroptosis: a regulated cell death nexus 
linking metabolism, redox biology, and disease, Cell 171 (2) (2017) 273–285, v.

[270] W.S. Yang, R. SriRamaratnam, M.E. Welsch, K. Shimada, R. Skouta, V. 
S. Viswanathan, J.H. Cheah, P.A. Clemons, A.F. Shamji, C.B. Clish, Regulation of 
ferroptotic cancer cell death by GPX4, Cell 156 (1) (2014) 317–331, v.

[271] Y. Ahn, Y.-H. Yim, H.M. Yoo, Particulate matter induces oxidative stress and 
ferroptosis in human lung epithelial cells, Toxics 12 (2) (2024) 161, v.

[272] M. Park, S. Park, Y. Choi, Y.-L. Cho, M.J. Kim, Y.-J. Park, S.W. Chung, H. Lee, S.- 
J. Lee, The mechanism underlying correlation of particulate matter-induced 
ferroptosis with inflammasome activation and iron accumulation in macrophages, 
Cell Death. Discov. 10 (1) (2024) 144, v.

[273] B. Nie, D. Zhang, X. Liu, C. Lei, Z. Li, N. Zhang, S. Zhang, Y. Wei, J. Zhang, 
Oxidative potential determines the oxidative stress and ferroptotic toxicity of 
airborne particulate matter on pulmonary epithelial cells, Ecotoxicol. Environ. 
Saf. 291 (2025) 117845 v.

[274] V. Papayannopoulos, Neutrophil extracellular traps in immunity and disease, Nat. 
Rev. Immunol. 18 (2) (2018) 134–147, v.

[275] R.O. Gonzalez, S. Strekopytov, F. Amato, X. Querol, C. Reche, D. Weiss, New 
insights from zinc and copper isotopic compositions into the sources of 
atmospheric particulate matter from two major European cities, Environ. Sci. 
Technol. 50 (18) (2016) 9816–9824, v.

[276] N.J. Schleicher, S. Dong, H. Packman, S.H. Little, R. Ochoa Gonzalez, J. Najorka, 
Y. Sun, D.J. Weiss, A global assessment of copper, zinc, and lead isotopes in 
mineral dust sources and aerosols, Front. Earth Sci. (Lausanne) 8 (2020) 167, v.
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