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ABSTRACT ARTICLE HISTORY
The mechanisms of particle-induced pathogenesis in the lung remain poorly understood. Neutrophilic Received 9 March 2023
inflammation and oxidative stress in the lung are hallmarks of toxicity. Some investigators have postulated Revised 25 August 2023
that oxidative stress from particle surface reactive oxygen species (psROS) on the dust produces the toxi- Accepted 27 August 2023
copathology in the lungs of dust-exposed animals. This postulate was tested concurrently with the studies
to elucidate the toxicity of lunar dust (LD), which is believed to contain psROS due to high-speed micro- L . .
. . . . unar dust; moon dust;
meteoroid bombardment that fractured and pulverized lunar surface regolith. Results from studies of rats particulate matter; diesel
intratracheally instilled (ITl) with three LDs (prepared from an Apollo-14 lunar regolith), which differed 14- particles; PM; PSP; ROS;
fold in levels of psROS, and two toxicity reference dusts (TiO, and quartz) indicated that psROS had no neutrophils; neutrophilia;
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significant contribution to the dusts’ toxicity in the lung. Reported here are results of further investigations lung pathogenesis;
by the LD toxicity study team on the toxicological role of oxidants in alveolar neutrophils that were har- mechanism of toxicity;
vested from rats in the 5-dust ITl study and from rats that were exposed to airborne LD for 4 weeks. The inhalation toxicity;
oxidants per neutrophils and all neutrophils increased with dose, exposure time and dust’s cytotoxicity. intratracheal instillation

The results suggest that alveolar neutrophils play a critical role in particle-induced injury and toxicity in
the lung of dust-exposed animals. Based on these results, we propose an adverse outcome pathway
(AOP) for particle-associated lung disease that centers on the crucial role of alveolar neutrophil-derived
oxidant species. A critical review of the toxicology literature on particle exposure and lung disease further
supports a neutrophil-centric mechanism in the pathogenesis of lung disease and may explain previously
reported animal species differences in responses to poorly soluble particles. Key findings from the toxicol-
ogy literature indicate that (1) after exposures to the same dust at the same amount, rats have more
alveolar neutrophils than hamsters; hamsters clear more particles from their lungs, consequently contribu-
ting to fewer neutrophils and less severe lung lesions; (2) rats exposed to nano-sized TiO, have more neu-
trophils and more severe lesions in their lungs than rats exposed to the same mass-concentration of
micron-sized TiO,; nano-sized dust has a greater number of particles and a larger total particle—cell con-
tact surface area than the same mass of micron-sized dust, which triggers more alveolar epithelial cells
(AECs) to synthesize and release more cytokines that recruit a greater number of neutrophils leading to
more severe lesions. Thus, we postulate that, during chronic dust exposure, particle-inflicted AECs persist-
ently release cytokines, which recruit neutrophils and activate them to produce oxidants resulting in a pro-
longed continuous source of endogenous oxidative stress that leads to lung toxicity. This neutrophil-
driven lung pathogenesis explains why dust exposure induces more severe lesions in rats than hamsters;
why, on a mass-dose basis, nano-sized dusts are more toxic than the micron-sized dusts; why lung lesions
progress with time; and why dose-response curves of particle toxicity exhibit a hockey stick like shape
with a threshold. The neutrophil centric AOP for particle-induced lung disease has implications for risk
assessment of human exposures to dust particles and environmental particulate matter.
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1. Introduction

1.1. Prolonged exposures to environmental particulate
matter (PM) can lead to pulmonary diseases including
cancer

1.1.1. Prolonged exposure to urban PM can cause pulmon-
ary diseases

Urban air pollutants contain PM, which is the main contributor
to pollution-induced pulmonary diseases including lung cancer
(Dockery et al. 1993; Pope et al. 2002; Krewski et al. 2003;
Laden 2019). PM and diesel particulate matter (DPM) are classi-
fied as human carcinogens (IARC 1989, 2013; NTP 2000). The
composition of PM is complicated and mechanisms of PM-
induced pathogenesis in the lung remain poorly understood.
According to California Air Resources Board (CARB 2022), “
about 70% of total known cancer risk related to air toxics in
California is attributable to DPM and... DPM comprises about
8% of PM2.5 in outdoor air” DPM or diesel exhaust (DE)

particles have a carbon core (carbon black (CB) or black carbon
(BQ)) that contains adsorbed organic and inorganic compounds.
The World Health Organization (WHO 2012) noted that, “effect
estimates (from both short- and long-term studies) are much
higher for BC than PM10 and PM2.5 [measured in pg/m3.”
Although DPM constitutes <10% of urban PM2.5, the CARB
and WHO findings reveal it could be a major contributing factor
to PM2.5-associated pulmonary diseases. Increasing evidence
from the epidemiological literature indicates that mortality and
morbidity of respiratory diseases are strongly related to expo-
sures to components of DE, such as carbon and CB (Selley et al.
2019). The chemical components or factors of PM that lead to
adverse outcome pathway (AOP) are unclear. Neutrophilic infil-
trate appears to be the most common and first noticeable toxic
response to PM exposure (Valderrama et al. 2022). Human vol-
unteers exposed to DE particulate or concentrated ambient PM
in chamber studies had higher levels of neutrophils in their
bronchoalveolar lavage fluids (BALFs) or sputum samples than
air-exposed controls (Ghio et al. 2000; Nightingale et al. 2000;
Nordenhall et al. 2000; Salvi et al. 2000).

DPM contains adsorbed polycyclic aromatic hydrocarbons,
some of which are mutagenic and carcinogenic. Mauderly et al.
(1994) exposed rats (1370 total) to 2.5 or 6.5mg/m> of diesel
soot or CB (organic-free soot surrogate) for 24 months (16 h/d;
5 d/week) and observed nearly identical incidences of cancer
and noncancerous effects in all exposure groups. The authors
concluded that organic compounds associated with DE soot
played no significant role in the observed tumorigenic effect in
rats. It is noteworthy that the extent of neutrophil inflamma-
tion and incidence of lung lesions, including progressive fibro-
sis, increased in a dose-dependent manner in this study.

1.1.2. Non-urban natural dusts can produce pulmonary
diseases
Exposures to high concentrations of fine natural desert sand are
also associated with increased risk of pulmonary diseases
(Dominguez-Rodriguez et al. 2021). Giannadaki et al. (2014) con-
ducted large epidemiological cohort studies based on WHO mor-
tality rates of adult populations (age >30), who were exposed to
airborne respirable desert dust. The authors reported that “Our
model results indicate a large number of premature deaths by
cardiopulmonary disease and a significant number of deaths by
lung cancer, mostly in the dust belt region... The countries
with the highest dust-related mortality are Egypt, Pakistan,
Nigeria, China, Sudan, and other countries in and around the
dust belt.” Yanagisawa et al. (2007) intratracheally instilled (ITI)
heat-treated desert sand (from China) to mice and observed
“prominently enhanced pulmonary neutrophilic inflammation.”
Amorphous silica, the major component of desert sand, is
relatively low in toxicity. When Kolling et al. (2011) instilled 53
rats with nano-size (ns) amorphous silica (SiO,,15 mg/rat), five of
the rats developed tumors, whereas none of the 55 rats instilled
with saline developed tumors. The tumor incidence in rats
instilled with coal dust (10 mg/rat), ns-CB (5 mg/rat), and crystal-
line silica (3 mg/rat) were 0/51, 9/59, and 12/56, respectively. An
increase in the number of lung inflammatory cells and fibrosis
measured in this study paralleled the tumor incidence.
Johnston et al. (2000) reported neutrophil counts of 17 x 10’



and 14 x 107 harvested from the lung of rats 13 weeks after
exposure to 50 mg/m> of ns-SiO, or 3mg/m?> of crystalline silica,
respectively, whereas air-exposed rats had 0.26 x 10’ neutro-
phils in their BALF samples. These results revealed exposure to
a very high concentration of amorphous silica caused severe
pulmonary neutrophilia. We use the term neutrophilia to indi-
cate an increased neutrophilic infiltrate in pulmonary tissues.
These studies show exposure to high concentrations of organic-
free mineral particles can produce pulmonary diseases in rats
and in humans. However, humans would not typically be chron-
ically exposed to mineral dusts or other PM at the high concen-
trations used in animal studies.

1.2. Poorly water-soluble particles (PSPs) can produce
pulmonary diseases including cancer in chronically and
heavily exposed rats

CB, DE, TiO,, and silica are considered to be PSPs. Compared to
urban PM, CB, and TiO, are chemically and structurally simple
dusts, these relatively low toxicity dusts can cause persistent
alveolar neutrophilia and lung disease including cancer in chron-
ically and heavily exposed rats (Mauderly et al. 1994; Heinrich
et al. 1995). Driscoll (1996) noted that significant active and
chronic inflammation, epithelial hyperplasia and metaplasia, and
pulmonary fibrosis precede tumor formation in the lungs of rats
chronically exposed to high concentrations of PSPs. Morrow
et al. (1996) similarly pointed out that in studies of PSP expos-
ure, tumors were observed only at exposure levels that resulted
in pronounced inflammatory and fibrotic responses in the lung.

1.3. A neutrophil-centric toxicity mechanism induced by
simple and poorly soluble mineral dusts in the lung could
shed some light on the complicated pathogenesis of PM

PM is a class of chemically and toxicologically diverse dusts. In
a review of 40 years (1980-2020) of literature on the toxico-
logical role of neutrophils in diseases induced by air pollutants,
Valderrama et al. (2022) concluded “environmental pollutants
induced neutrophil recruitment as the first sign of inflammation.
The effect of neutrophils depended on the type, concentration,
and size of the PM particles. These cells release pro-inflamma-
tory cytokines and ROS that cause damage to lung tissue and
contributes to the systemic inflammatory response related to
cardiovascular diseases. The importance of future research to
clearly establish the relationship between neutrophilic activation
after exposure to air pollutants with the development of cancer
is clear.” It has been shown that neutrophil-generated ROS pro-
duce significant DNA damage in hyperoxia-exposed newborn
rat lungs (Auten et al. 2002). Driscoll, Deyo, et al. (1997)
reported that neutrophilic oxidants induced mutations in the
lungs of rats exposed to crystalline silica, CB, or TiO,; mutations
can lead to carcinogenesis (Driscoll 1996). The results of these
studies suggest that neutrophil-generated ROS are genotoxic. A
large portion of PM is non-genotoxic, establishing how these
simple and non-genotoxic mineral dusts induce lung pathogen-
esis could help elucidate how the non-genotoxic component of
the PM contributes to the PM-induced pulmonary diseases
including lung cancer. Regardless of the type of PM, if the
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exposure is substantial, pulmonary neutrophilic inflammation is
a toxicological hallmark of PM exposure. Toxicities of PSPs have
been well studied; persistent alveolar neutrophilia and fibrosis
precede tumor formation in the lungs of rats chronically
exposed to high concentrations of PSPs (Driscoll 1996; Morrow
et al. 1996). The crucial role of neutrophils in particle-induced
pathogenesis in the lung is the subject of our review and is
supported by experimental data assessing the toxicological role
of oxidants generated by alveolar neutrophils from rats exposed
to LDs and other PSPs presented in our report.

1.4. Review and comments on current mechanisms for
particle-induced pathogenesis of lung disease

It is well known that oxidative stress or reactive oxidative species
(ROS) is an important contributing factor in development of dust-
induced diseases in the lung (Mossman et al. 2007). One school
of thought is that ROS comes from the particles themselves,
whereas others believe that ROS is derived chiefly from alveolar
macrophages (AMs) or other inflammatory cells in the lung after
exposure to PM. The general AOP for particle-induced pulmonary
diseases, based on these two premises, were summarized in the
1990s by Lapp and Castranova (1993). These mechanisms have
been accepted in the particle toxicology field even today.

1.4.1. Surface ROS on particles

One proposed mechanism of particle-induced pulmonary tox-
icity is that the direct cytotoxicity of a dust produces injury to
lung cells (Lapp and Castranova 1993; Castranova 1998). If cells
are severely damaged and exposure continues, this can lead
to scarring (fibrosis) or uncontrolled hyperplasia and metapla-
sia that can progress to cancer. Cytotoxicity from particle
exposure can arise in several ways. Particles may generate par-
ticle surface reactive oxygen species (psROS) under certain
conditions (such as being fractured during grinding or sand-
blasting; Fubini et al. 1989). Donaldson et al. (1996) postulated
that the ability of particles to generate free radicals at or near
their surface, and thereby impose oxidative stress in key target
cells, could be central to their pathogenicity. Fubini et al.
(1995) proposed that surface radicals and iron-derived ROS are
implicated in oxidative stress, which is considered to be the
key event in the development of fibrosis and lung cancer.

1.4.2. Oxidants and other harmful cellular contents
released by macrophages

An alternative mechanism of particle-induced pathogenesis
involves ROS and other deleterious products that are pro-
duced by particle-stimulated AMs (Lapp and Castranova
1993; Castranova 1998). It has been hypothesized that par-
ticle exposures induce AMs to produce ROS, pro-inflamma-
tory cytokines including chemokines, fibrogenic factors, and
proliferative factors, which can contribute to inflammation,
fibrosis, and cancer. Many have similarly proposed a mechan-
ism centered on the role of AMs (Vallyathan and Shi 1997;
Hamilton et al. 2008; Laskin et al. 2011). For example, Brain
(1980) postulated that the phagocytized particles could dam-
age the AMs triggering these cells to release lysosomal
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enzymes, toxic proteolytic enzymes, and oxidant radicals,
which harm cells and eventually cause lung diseases includ-
ing fibrosis. Fubini et al. (1989) and Fubini and Hubbard
(2003) proposed that free radicals on silica reacted with O,
and H,0, subsequently triggering macrophage-mediated
reactions that lead to fibrosis. In a review, Laskin et al. (2019)
postulated that host defense agents (including oxidants,
mediators, and proteases) that are typically released by AMs
against invading pathogens can exacerbate acute lung injury
and/or induce chronic disease, such as fibrosis, chronic
obstructive pulmonary diseases, and asthma, when they are
released in excess.

1.5. Speculation that psROS on lunar dust contributes to
the dust’s toxicity

A recent article (Pohlen et al. 2022) titled Overview of Lunar
Dust Toxicity Risk by a group of researchers outside NASA
stated that, “... exposure to galactic and solar radiation likely
increase the surface reactivity of the [LD] particles by creating
large numbers of dangling chemical bonds and unsatisfied
electron valences ... the particles may contribute to the forma-
tion of reactive oxygen species ... when in contact with human
tissue, though the likelihood and severity of this possibility are
unknown ... the extended presence of the particle, even after
macrophage phagocytosis with subsequent apoptosis or
lymph node migration, can prompt the release of oxidants,
cytokines, and growth factors and sets off an inflammatory cas-
cade with the recruitment of additional immune cells (to
include neutrophils and new alveolar macrophages). The
uncleared particles can be absorbed repeatedly by successive
generations of macrophages, leading to chronic inflammation.”

It is believed that lunar dust (LD) is reactive because the
surface of the Moon has been constantly bombarded by
high-speed micrometeoroids that fractured and pulverized
surface regolith into fine dust containing an abundant
amount of psROS; solar and cosmic particles could impart
free radical on LD. Because the toxicological role of psROS or
hydroxyl free radicals (¢OH) of mineral dusts had not yet
been investigated in animal studies, the NASA lunar geology
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team meticulously prepared (under ultra-pure nitrogen) three
respirable sized LDs that differed 14-fold in particle-gener-
ated eOH from the same parent Apollo-14 lunar regolith for
toxicity investigations (McKay et al. 2015). The toxicity of
these three LDs, along with two terrestrial toxicity reference
dust (TiO, and quartz), was assessed at three different dose
levels and two different time points in rats instilled with
these five dusts (Lam et al. 2022). Toxicological biomarkers
measured in BALF samples, and the pulmonary histopath-
ology of rats exposed to these five types of particles did not
correlate with the particles’ levels of particle-generated
psROS. Quartz (aged) had the lowest level of psROS but was
the most toxic. The toxic potency of these dusts was
quartz > LD > TiO,. Ball-milled LD had 14-fold higher levels
of psROS than unground LD (Figure 1); however, these two
LDs were equally toxic (Lam et al. 2022).

Harrington, Schmidst, et al. (2017) also endorsed the hypoth-
esis that the psROS is a crucial determinant of the particle-
induced lung diseases. After joining NASA, Harrington
conducted a mouse ITI study to test this long-accepted
hypothesis using seven ground dusts (six derived from meteor-
ites and one from a terrestrial basalt) containing various levels
of psROS (Harrington, McCubbin, et al. 2017). This study was
conducted in collaboration with the toxicology laboratory at
New York University to support NASA’s manned deep-space
missions by assessing the correlation between the dusts’
psROS and pulmonary toxicity, and the correlation between
iron levels of the dusts and pulmonary toxicity. The investiga-
tors found no correlation between psROS of the dusts and the
dusts’ toxicity in the lungs; iron level also played an insignifi-
cant role in toxicity. Caston et al. (2018) investigated ground
LD simulant with increased eOH in cell culture studies and
found that eOH had no toxicological impact on the cells.

1.6. Currently accepted mechanisms do not explain
many of the toxicological findings in the lungs of dust-
exposed animals

The highly toxic eOH species and other free radicals are
known to play a critical pathological role in lesions induced
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Figure 1. Hydroxyl free radicals #OH in lunar dusts and reference dusts. Specific chemical reactivity was assessed by measuring the amount of ¢OH/10 mg of dust
generated in the presence of terephthalate. The content of eOH in the dust was estimated by the amount of terephthalate consumed. Data are the mean + SD of
eOH production (average from three runs) in pmol/10 mg test dust. Normalization: LD-ug, 100%; LD-jm, 193%; LD-jm, 1367%; TiO, 121%; and quartz 76%. Graph

plotted from data from Lam et al. (2022).



by ionizing radiation. As noted above, some particle research-
ers postulated that the free radicals generated by particles
could play an important role in the toxicity in the lung
(Fubini et al. 1989, 1990, 1995; Donaldson et al. 1996; Fubini
1998). Fubini et al. (1987) proposed that free radicals on the
surface of silica can react with H,O and O, which subse-
quently trigger macrophage-mediated reactions leading to
fibrosis. It has long been known that ionizing radiation can
induce free radicals from H,O and O, that pose oxidative
stress to the biological system (Smith 1962; Riley 1994).
The speculation that particle-derived free radicals are key to
pathogenesis in the lung of dust-exposed animals (Fubini
et al. 1989, 1995; Donaldson et al. 1996) can be inferred from
radiation toxicity studies. So why do the levels of psROS of
dust have no impact on the dust toxicity in the lung as
shown in studies like those of Lam et al. (2022) and
Harrington, McCubbin, et al. (2017)? It is noteworthy that pro-
longed radiation exposure will ionize H,O in its path continu-
ously producing free radicals extracellularly and intracellularly
that could damage cellular structures. The short-lived and
limited amounts of psROS on particles lose their activity rap-
idly in lung fluid that contains antioxidants (Vallyathan et al.
1988). Furthermore, unlike #OH and other free radicals pro-
duced intranuclearly by ionizing radiation, psROS from the
particles cannot enter the nucleus and damage DNA.

Vallyathan et al. (1988) of the National Institute for
Occupational Safety and Health (NIOSH) reported that the
half-life of ROS generated by fresh-milled quartz (Qz-jm) was
~30h in the air and only a few minutes when the dust was
placed in phosphate-buffered saline. It is likely that the half-
life of psROS is even shorter in the presence of surfactant,
antioxidants, and antioxidative enzymes in the lung. Rats
given a bolus ITI dose (12 mg/rat) of quartz dust (not freshly
ground) had time-dependent increases in incidences of lung
tumors (17% (11 months), 32% (17 months), and 86%
(26 months)), whereas rats instilled with iron oxide in the
same study had no tumors (Saffiotti 1992). The short half-life
of psROS could not explain this long-term particle-induced
toxicity in the lung. Furthermore, iron oxide is more likely
than quartz to generate free radicals, whereas the latter is
known to elicit more neutrophilic inflammation than the for-
mer. The chronic presence of particle-elicited neutrophils pro-
duced oxidants that induced mutations in alveolar epithelial
cells (AECs) of the rats assessed 15 months after bolus instil-
lation with quartz or other dusts (Driscoll, Deyo, et al. 1997).
Auten et al. (2002) reported oxidants from neutrophils injured
the AECs and damaged their DNA in hyperoxia-exposed neo-
natal rats. These authors hypothesized that neutrophilic oxi-
dants could be the source of oxidative stress leading to
toxicity in the lungs.

Oberdorster et al. (1992) showed that neutrophilic inflam-
mation and lung lesions occurred in rats after they were
instilled with ultrafine TiO, particles. However, when rats
were instilled with the same amount of this TiO, that was
contained (phagocytized) in host AMs, no inflammation or
toxicity occurred. Oberdorster concluded that internalization
of particles by AMs prevented lung neutrophilic inflammation
and toxicity. Saffiotti (1992) of the National Cancer Institute
instilled 37 rats with a single dose of 12mg quartz (Min-U-Sil

CRITICAL REVIEWS IN TOXICOLOGY 447

5); 11 rats had lung tumors when examined 11 months after
the bolus quartz instillation. When Syrian golden hamsters
were examined 12 months after they were each instilled with
20mg quartz, the quartz particles were extensively phago-
cyted by AMs resulting in little toxicity, and the adjacent epi-
thelium generally remained unaffected with no significant
indication of persistent epithelial hyperplasia. No fibrosis and
no cancer were observed in these hamsters. Others have also
shown that chronic exposures to dusts resulted in severe
alveolar neutrophilia and severe lung lesions including cancer
in rats but not in hamsters. In summary, the proposed mech-
anism of pathogenesis of lung disease based on psROS of
the dust, or unique crystalline silica chemistry such as silanols
or negative surface charge (Lapp and Castranova 1993;
Castranova 1998) fails to fully explain the differences in toxi-
cological responses for hamsters and rats exposed to quartz
and other PSPs. A mechanism based on ROS and cytokines
generated by AMs (Castranova et al. 1988) also do not pro-
vide a satisfactory explanation of the drastically different
response in rats vs. hamsters.

1.7. Where do we stand after 30 years of research in
particle toxicology?

The mechanisms underlying differences in toxicological
responses and tumorigenicity in the lungs of rats and ham-
sters exposed to PSPs and the implications for human hazard
identification and risk assessment have been debated by toxi-
cologists for more than 30 years (Mauderly et al. 1987, 1994;
Muhle et al. 1989; Hext 1994; Heinrich et al. 1995; Bermudez
et al. 2002, 2004). A critical regulatory question is which ani-
mal species (rats, mice, or hamsters) is the most relevant to
assess human risk from inhaled particles and for toxicity and
bioassay studies. To assess the current state of scientific
understanding, Drs. Paul Borm and Kevin Driscoll interviewed
27 toxicology experts and experts on risk assessment and
published their findings in a commentary paper (Borm and
Driscoll 2019). Based on the gathered opinions, the authors
concluded that, “... in many cases... we do not fully under-
stand the rat lung cancer mechanism after exposure to
poorly soluble particles.... Is the rat lung response to high
doses of particles like titanium dioxide and carbon black
unique to this species, or is the rat a human-relevant, sensi-
tive species?” The authors advocated that, “we believe it is
important to re-activate the public debate ... safety assess-
ment [of inhaled particles].” In a follow-up public expert
workshop, experts concluded, based on the current state of
the science, that using lung tumors in rats exposed to very
high concentrations of PSPs should be seriously questioned
for assessing human risk (Driscoll 2022).

1.8. An association between neutrophils and particle-
induced lung diseases has not been fully investigated

The association between alveolar neutrophilia and dust-
induced lung diseases, including cancer, has been recognized
for a long time (Driscoll 1996; Morrow et al. 1996); however,
the causal pathological role of neutrophils in particle-induced
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lung diseases has not been fully investigated or elucidated.
In this article, we propose a mechanistic hypothesis of par-
ticle-induced pulmonary toxicity that centers on the role of
AECs and the recruited neutrophils. This mechanism
addresses several toxicological questions including species-
specific differences in response to exposure of poorly soluble
low-toxicity dusts such as TiO, and CB.

1.9. No correlation exists between results of particles
studies using in in vitro cultures and in vivo animal
studies

Warheit's team conducted comparative in vitro and in vivo tox-
icity studies of five mineral dusts (Sayes et al. 2007). The five
dusts were ITl into rats and applied to three in vitro pulmonary
assays including coculture of human AMs and rat type Il AECs.
A large spectrum of biomarkers of toxicity was assessed in the
dust-treated cell cultures and cocultures and in the lungs of
dust-instilled rats. The authors concluded that “The end points
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selected to assess oxidative stress and macrophage function
yielded little useful information ... When considering the range
of toxicity end points to 5 different particle types, the compari-
sons of in vivo and in vitro measurements demonstrated little
correlation.” Seagrave et al. (2003) conducted a similar com-
parative study employing an AM-AEC coculture system and
drew the same conclusion that “... the rank order of potency
from the in vitro assays in general did not correspond with the
previous rankings from in vivo comparisons of the same sam-
ples [diesel-related PMs].”

These results also raise questions about the role of particle-
activated AMs in producing toxicity to the AECs. The absence of
neutrophils in the AM-AEC cocultures may be why Warheit's
team and Seagrave’s Lovelace group did not find a correlation
between results of the in vitro and in vivo studies. Driscoll, Deyo,
et al. (1997) reported no increases in mutations in RLE6TN cells
(rat alveolar type Il AEC cell line) that were incubated directly
with quartz, CB, and TiO,. However, AECs isolated from the lungs
of rats that were instilled 15 months earlier with these dusts had
increases in mutations. The increases in mutations detected in
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RLEGTN cells that were incubated with BAL cells harvested from
the lungs of the quartz-instilled rats were attributed mainly to
oxidants produced by neutrophils (Figure 2(A,B)). Driscoll and
co-workers’ findings indicate that particle-elicited alveolar neu-
trophils induced mutagenesis of AECs in the lung. The EPA
(2021) has called for adopting new approach methodologies to
reduce the use of animals in toxicity studies. Collectively, the
research on lung inflammation after particle exposure, species-
specific differences in response, and mutations suggest neutro-
phils should be incorporated into the in vitro approaches for
particle toxicological assays.

1.10. Neutrophilia is the most common toxicological
index for lung diseases

Unlike AMs, the short-lived alveolar neutrophils are difficult to
isolate and study in vitro. Furthermore, no alveolar neutrophil
cell lines exist due to their short half-life. The role of neutrophils
in the pathogenesis of lung diseases has not been fully eluci-
dated. Neutrophilic inflammation is often seen in the lungs of
dust-exposed rats that have severe lesions including fibrosis, as
well as in many other chronic human lung diseases (Liu et al.
2017; Herrero-Cervera et al. 2022). The number of neutrophils in
lung samples is commonly reported as an index of inflammation
and is a common biomarker of toxicity (Oberdorster et al. 2005).
After human volunteers inhaled concentrated ambient PM,
more neutrophils were detected in their BALF (Ghio et al. 2000).
Sputum samples from human subjects exposed to DPM and
ozone contained more neutrophils than those from subjects
exposed to the DPM alone (Bosson et al. 2007). Increases in neu-
trophils were observed in BAL samples obtained from volunteers
exposed to NO, and in bronchial mucosa biopsies from ozone-
exposed subjects (Aris 1993; Helleday et al. 1994). Neutrophil
influx into the lungs was observed in guinea pigs exposed to
sulfuric acid (Amdur and Chen 1989). Thus, exposures to air-
borne oxidative pollutants, even of non-PM pollutants, such as
O3, NO,, and sulfuric acid, can trigger pulmonary neutrophilic
infiltration and fibrosis (Last et al. 1994; Michaudel et al. 2018).
The pattern of lung damage induced by the PM and oxidative
gases is similar, with the primary target being the alveolar epi-
thelium. Unlike gaseous pollutants, insoluble particles will accu-
mulate and remain in the lung with repeated exposures.
Alveolar neutrophilia is commonly observed with all these expo-
sures or co-exposures and is considered as an early, important
toxicity biomarker. However, neutrophilia has scarcely been con-
sidered as a key contributor to particle-induced pathogenesis of
lung disease in animals or as a major factor contributing to spe-
cies-specific differences in particle-induced pathogenesis and
carcinogenesis.

1.11. Oxidants from dust-elicited neutrophils are
associated with lung lesions

As mentioned above, Driscoll, Deyo, et al. (1997) showed that
alveolar neutrophils elicited by in vivo exposure to quartz,
CB, and TiO, could induce mutations in naive AECs ex vivo.
The mutagenic effects were due to inflammatory cell-derived
oxidants. Supporting a role for oxidants was the observation
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that the antioxidant catalase significantly attenuated the
mutagenic activity of the particle-elicited rat lung inflamma-
tory cells. Increase in mutation frequency (mf) in AECs
induced per million BAL neutrophils increased with the ITI
dose of the particles. In vivo assessment of AECs from rats
exposed to these PSPs showed quartz was more mutagenic
to epithelial cells (nf: Rat-q, > Rat-cg > Rat-1j0,). Both the ex
vivo and in vivo results implicate oxidative stress in this
effect. Indeed, it has been determined that neutrophils pro-
duce about 2.5 times more ROS than macrophages. Driscoll
(1996) concluded that particle-induced neutrophilia in the
lung and oxidant-triggered mutations in epithelial cells were
key factors in lung carcinogenesis after exposure to PSPs.

Auten et al. (2002) reported a hyperoxia-induced neutro-
phil influx in the lungs of neonatal rats exposed to 95% oxy-
gen. These rats showed impaired lung development and
signs of oxidative DNA damage. When the rats were treated
with  anti-cytokine-induced neutrophil chemoattractant
(CINQ), the lesions and the DNA damage in the lung paren-
chymal cells were prevented. The authors concluded that
“neutrophil influx during hyperoxia damages DNA by nicking
and oxidation, and that blocking neutrophil influx can pre-
vent this ... Neutrophil-mediated oxidative DNA damage may
contribute to abnormal lung development in newborns sub-
jected to significant oxidative stress.”

In agreement with Auten’s results showing neutrophil-
generated ROS caused DNA damage of AECs of hyperoxia-
exposed neonatal rats, Knaapen et al. (1999) reported a
correlation between neutrophilic production of oxidative spe-
cies and damage to DNA in AECs. It is noteworthy that the
half-life for neutrophils is several hours and for macrophages,
it is ~15 days (~360h). Furthermore, these short-lived neu-
trophils can undergo secondary necrosis and release their
oxidants and other inflammatory molecules (see detail in
Section 3.7). With high concentration and prolonged dust
exposure, the number of neutrophils recruited into the lung
greatly exceeds that of the macrophages. Thus, the macro-
phages’ ability to remove the dead neutrophils can be over-
whelmed. These factors suggest that neutrophils can be a
major endogenous source of oxidants in the lung.

1.12. A newly proposed unifying mechanism centered on
the concerted actions of AECs and the recruited
neutrophils

The results of the study on quartz, CB, and TiO, discussed
above allowed Driscoll (1996) to establish the links between
particle-induced inflammation and oxidative mutagenic
events in AECs and to propose that inflammation plays a crit-
ical role in the mechanism by which particles induce pulmon-
ary pathology in rats.

The NASA LD toxicity assessment team reported standard
toxicity biomarkers in BALF and pulmonary histopathology in
rats exposed to airborne LD for 4 weeks (Lam et al. 2013) and in
rats that had been ITI with five test dusts (three LDs, quartz, and
TiO,) (Lam et al. 2022). Presented in this paper are our follow-up
measurements of the oxidant contents of BAL neutrophils from
these exposed rats. The results from the rats in the ITI study
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show that neutrophilic oxidants increased in dose-dependent,
time-dependent, and dust-dependent (Qz > LD > TiO,) fash-
ions. Levels of IL-6 and TNFa, two cytokines involved in neutro-
phil recruitment and activation, were higher in the BALF of rats
exposed to LD by inhalation. Furthermore, expression of many
of the proinflammatory genes increased in the AECs of these
LD-exposed rats (Zhang et al. 2023). For example, CXCL2 gene
(codes for neutrophil chemokine) expression in the lung
increased with the exposure concentration and post-exposure
time. All these biomarkers correlated with the lung histopatho-
logical changes in the LD-exposed rats (Lam et al. 2013, 2022).
These findings provide evidence that oxidants released from the
recruited neutrophils led to the pathogenesis of disease in the
lung.

Our experimental results on neutrophilic oxidants reported
here and the results of others shed light on the toxicological
roles of neutrophils and led us to propose a refined mechan-
ism of particle-induced pathogenesis of lung disease where
particles deposit on the alveolar surface stimulating surface
receptors, such as scavenger receptors, on AECs. The inflicted
AECs synthesize and release cytokines, which recruit neutro-
phils and subsequently activate the neutrophils to increase
and release oxidants and proteinases. These harmful cellular
products could be released from the large number unphago-
cytized neutrophils that undergo secondary necrosis in lungs
with severe neutrophilia (see Section 3.7). The continuous
release of oxidants and harmful proteinases by the alveolar
neutrophils contributes to the persistent oxidative stress that
leads to histopathological changes in the lung. As presented
in Section 3 of this paper, our refined mechanism of particle
toxicity would help explain why nanoparticles are more toxic
than micron-size particles of the same exposure mass con-
centration, and why dust-induced lesions progress with time
in the lung of exposed rats. Furthermore, this proposed
mechanism provides a basis for species-specific differences in
responses to particle toxicity (i.e. why the same dust at the
same concentration induces more severe lesions, including
cancer, in rats than hamsters) and explains the existence of
thresholds in dose-response curves of particle toxicity. This
proposed mechanism should be useful for assessing human
health risk from exposures to poorly soluble mineral dust
and environmental PM.

2. Materials and methods
2.1. General notes for materials and methods section

Some of the information in this section that are reported in
the present paper have not been reported or published else-
where. Others are briefly described here and more detailed
information can be found in previous publications (Lam et al.
2013, 2022; Zhang et al. 2023).

2.2. Laboratory animals

Fischer 344 adult male rats (~8-10 weeks old) were pur-
chased from Charles River Laboratories (Raleigh, NC). The ani-
mals were housed in pairs in an AAALAC-approved animal
facility at the NIOSH (Morgantown, WV) or NASA Johnson

Space Center (JSC, Houston, TX) and had free access to water
and standard laboratory rodent chows. Both facilities pro-
vided HEPA-filtered air and a 12-h light/dark cycle. These
studies were approved by the NIOSH or the NASA
Institutional Animal Care and Use Committee and the guide-
lines and approved test protocols were followed.

2.3. Test dusts of respirable sizes for rat ITI studies

2.3.1. LD samples

An Apollo-14 lunar regolith (200g; stored in nitrogen from
the time it was collected from the moon) was used for the
present study. The composition of the lunar regolith by
weight is 48% SiO, (amorphous), 20% Al,03, 12% CaO, 7.5%
FeO, 7% MgO, and 2% TiO, (McKay et al. 2015). A fine dust
fraction was aerodynamically separated from this regolith
using a cyclone, and the respirable dust was captured on a
paper membrane filter and was designated lunar dust,
unground, respirable size (LD-ug) for the current study.
Aliquots of the coarser dust that was captured in the cyclone
were ground using a jet-mill or a zirconia-ball mill (see Lam
et al. 2022 for grinding procedures). Respirable dusts of the
ground samples were similarly isolated using a cyclone. The
particle size distributions were determined using a Microtrac
(Haan, Germany). The mass median diameter (MMD) of the
unground fine dust was 2.1 (+0.6/-0.9) um; jet-milled lunar
respirable dust (LD-jm) was 2.5 (+1.0/-0.7) um; the MMD for
the ball-milled lunar respirable dust (LD-bm) was 1.8 (+0.5/
-0.9) um (McKay et al. 2015).

2.3.2. Quartz dust and TiO,

Quartz dust, a fine-sized crystalline silica (Min-U-Sil 5; MMD
1.6 pm), was obtained by NIOSH from U.S. Silica (Berkeley
Springs, WV) many years ago and has been used in multiple
studies published by NIOSH investigators. The TiO, (rutile
pigment R-100, consisting of ~99% TiO,, ~1% alumina) used
in the present study was produced by DuPont Company
(Newark, DE) and was a gift from Dr. D. Warheit. The average
primary particle size of this dust was about 0.4 pm. Both ref-
erence dusts were used without further treatment and con-
sidered to be aged dusts.

2.4. Measurement of hydroxyl radicals on the dusts

Hydroxyl radicals (¢OH), the most powerful oxidant among the
ROS (Wardman 1989), are stable enough to be detected in an
aqueous system. Terephthalate is a sensitive probe for eOH
(Saran and Summer 1999; Wallace et al. 2009), although it is
possible that it detects other types of ROS as well and is not
specific to ®OH (Turci et al. 2015). The test dusts were assessed
for chemical reactivity by measuring the amount of ¢OH gener-
ated per unit weight of dust in the presence of terephthalate
(Wallace et al. 2009). Each dust was tested in triplicate by add-
ing an equal amount of dust to a terephthalate solution. The
resultant fluorescence, which was proportional to the amount
of ®OH present, was spectrophotometrically determined.



2.5. Intratracheal instillation of dusts

The NASA lunar geology team coded the five test dusts (three
LDs, TiO,, and quartz) as A, B, C, D, and E, and weighed each
aliquot of dust samples under nitrogen in an astromaterial
hood. The dust toxicity testing team and the pathologists were
blinded to the identity of the codes. Each of the test dusts was
suspended in 10% Survanta® (which was used to disperse the
LD samples) in normal saline and vortexed slightly immediately
before instilling into the rats (six rats/group). Each anesthetized
rat was instilled with 0.4 mL of this dispersion medium contain-
ing 0, 1, 2.5, or 7.5 mg of a test dust.

2.6. LD inhalation exposures

The details of the LD nose-only inhalation study and the
assessment of BALF biomarkers of toxicity and histopath-
ology were previously reported (Lam et al. 2013). Briefly,
groups of five rats were exposed to 0, 2.1, 6.8, 20.8, and
60.6 mg/m?> of LD for 4 weeks (6 h/d, 5 d/week). The mass
median aerodynamic diameter (MMAD) of the aerosolized
dust was 2.4 pm. One day or 1, or 4, or 13 weeks after the
inhalation exposure, the right lungs were lavaged and
BALF was assessed for biomarkers of toxicity, and a
section of the median lobe of the lavaged right lung was
collected from each animal for gene profiles and toxicoge-
nomic analyses (Zhang et al. 2023). The left lung was fixed
with formalin and prepared for histopathology study (Lam
et al. 2013).

2.7. Collection of BALF samples

To assess biomarkers of toxicity in BALF samples, rats were
euthanized with an overdose of Sleepaway (containing
pentobarbital; Fort Dodge Animal Health, Fort Dodge, IA) at
1 or 4 weeks after the dust instillation. Following NIOSH in-
house protocols (Roberts et al. 2012), the lung was lavaged
three times with 6 mL of phosphate-buffered saline. The first
lavage was centrifuged, and the supernatant was collected
and assessed for acellular biomarkers in BALF. The cell pellets
of the first and subsequent lavages were combined and sus-
pended in 1 mL of HEPES-buffered solution for assessment of
cell numbers and differentials.

2.8. Assessment of BAL cells

Aliquots of cells were placed on microscope slides and centri-
fuged in a Shandon CytoSpin II; the cells were stained with
Wright-Giemsa dye solutions. Cell differentials (in percentage) for
neutrophils and macrophages were determined by visually
counting 300 cells. The numbers of macrophages and neutro-
phils in the BALF sample from a rat were obtained by multiplying
the total number of BAL cells by the percentage of macrophages
or neutrophils, respectively. All BAL cell and acellular assays fol-
lowed NIOSH standard protocols (Roberts et al. 2012).
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2.9. Chemiluminescence (CL) assay for measuring of ROS
levels in BAL cells

The CL assay, which used zymosan to stimulate inflammatory
cells to produce CL, can indirectly measure ROS generated by
human blood neutrophils, monocytes, or rat BAL cells
(Castranova et al. 1990; Antonini et al. 1994). The CL assay
was used to measure the oxidant production by BAL cells, as
described by Porter et al. (2002). Briefly, BAL cell aliquots
were incubated at 37°C for 20min. Luminol (5-amino-2,3-
dihydro-1,4-phthalazinedione) solution was added to the BAL
cell suspensions to achieve a final luminol concentration of
0.08 mg/mL. CL was measured at 390-620nm for 15min
using an automated luminometer (Berthold AutoLumat Plus
LB 953, Gaithersburg, MD). Zymosan (2 mg/mL) was added,
and CL was then measured. Zymosan-stimulated CL was
determined as counts per min per million BAL cells. This
assay was performed at NIOSH (Morgantown, WV), where ITI
experiments were conducted. For the follow-up LD inhalation
studies (Lam et al. 2013), all experiments including the
CL assay using a Berthold Centro LB 960 luminometer
(Gaithersburg, MD) were conducted at the NASA JSC
(Houston, TX).

2.10. Collection of BALFs from LD-exposed rats and
assessment of BALF cytokines

Concentrations of the several cytokines in BALFs were deter-
mined by multiplex array. The rat Fluorokine MAP Multi-
Analyte Profiling immunoassay was performed according to
the manufacturer’s instructions (R&D Systems, Minneapolis,
MN). This array, which analyzes several cytokines simultan-
eously using distinct bead populations that fluoresce at dif-
ferent intensities along a single emission wavelength, was
performed in a 96-well plate and was analyzed using a
Luminex 100 instrument.

2.11. Collection of lung tissue and isolation of total RNA
for gene activation study

After the right lung of each animal was lavaged, a section of
the median lobe of the right lung was removed and snap-
frozen in liquid nitrogen, preserving the tissue for extraction
of RNA. Total RNA was isolated from each of these samples
(<20mg) using Qiagen Mini RNeasy Kit (Qiagen, Valencia,
CA) according to the protocol recommended by the manu-
facturer. The total RNA was treated with DNase | to remove
any trace contamination of genomic DNA prior to subse-
quent analyses. The concentration and integrity of the puri-
fied RNA were measured using Nanodrop™ 2000 (Thermo
Fisher Scientific, Waltham, MA) and an Agilent Bioanalyzer
(Agilent Technologies, Inc., Santa Clara, CA). RNA integrity
number of all the samples ranged from 9.9 to 10 (see more
details in Zhang et al. 2023).
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2.12. Real-time polymerase chain reaction (RT-PCR)
analysis of four chemokines and fibrosis-related genes

The RT2 Profiler PCR Array technique (Qiagen, Valencia, CA)
was used to measure expression of fibrosis-related genes in
the control group of animals and the group exposed to the
highest LD exposure concentration at different time points
after exposure. The RT-PCR technique was also used to meas-
ure expression of four chemokines in all the RNA samples iso-
lated from all the air and LD-exposed rats that were
sacrificed at the four time points after exposure. For each
analysis, the cDNAs were synthesized from 1 pg of total RNA
from each sample using a QuantiTect Reverse Transcription
kit or a RT2 PCR array first strand kit and primers for Ccl12,
Ccl3, Cxcl2, and Cxcl5 (Qiagen, Valencia, CA). Primers for
Ccl12, Ccl3, CXCL2, and Cxcl5 were purchased from Qiagen
(Valencia, CA). The expression of B-actin and Rpl13a served
as reference controls for analyses of both fibrosis-related and
chemokines encoding genes. Within these gene families of
interest, the level of expression of individual genes was
assessed in cDNA synthesized from total RNA using a Bio-Rad
CFX96 real-time PCR system (Hercules, CA) and Qiagen’s SyBR
Green kit (Valencia, CA). Reverse transcription negative reac-
tions were run on each plate to confirm the absence of gen-
omic DNA contamination. Relative expression values were
calculated by Qiagen’s Ct analysis using the average of two
reference genes and normalized to experimental controls for
fold changes. All the data are presented as average fold
changes + SD (see more details in Zhang et al. 2023).

3. Results and discussion

3.1. Toxicity of lunar dust and assessment of exposure
to lunar dust containing particle surface ROS

3.1.1. Comparison of the toxicity of LD with terrestrial
dusts and an assessment of impact of psROS on dusts’
toxicity

The United States is planning return missions to the Moon for
long-duration exploration and research. During lunar surface
expeditions, astronauts could be exposed to fine LD that could
contain high levels of psROS. To assess risk of in situ LD expo-
sures and to investigate the toxicity of LD using samples of
lunar regolith collected 50 years ago whose psROS might have
become passivated during the long storage, the NASA LD
geology team (McKay et al. 2015) ground (by jet mill and by
ball mill) fine aliquots of an Apollo-14 lunar regolith to pro-
duce two dust samples (LD-jm and LD-bm) with increased or
restored levels of psROS (Figure 1). These two LDs together
with the unground LD were toxicologically compared with
TiO, and quartz in rats (Lam et al. 2022). The results (Figures
3-5) showed that the pulmonary toxicity of these three respir-
able LDs was indistinguishable, despite their 14-fold difference
in particle-generated hydroxyl free radicals (¢OH; the most
toxic of the ROS and stable enough for detection). LD was
moderately toxic, more toxic than TiO,. Quartz was the most
toxic among the five test dusts (Figures 3-5) but contained
the least amount of psROS (Figure 1). The overall results

revealed that psROS had no significant impact on the dust's
toxicity in the lung (see Lam et al. 2022 for details).

Harrington of NASA’s geology group collaborated with a
particle research team from New York University to investigate
the toxicity of six ground meteorite dusts and a ground terres-
trial basalt dust containing various amounts of ROS and iron.
The results of their mouse ITI study led the authors to conclude
that, “The MORB [terrestrial basalt] demonstrated higher geo-
chemical reactivity [i.e. ROS & soluble iron levels] than most of
the meteorite samples but caused the lowest acute pulmonary
inflammation (API) ... there is no direct correlation between a
particle’s ability to generate ROS acellularly and its ability to
generate APL” This 7-dust study in mice (Harrington,
McCubbin, et al. 2017) and the 5-dust study in rats reported
here and in Lam et al. (2022) show that psROS did not contrib-
ute to the toxicity of the dusts in the lung. These results nullify
the long-held hypothesis that psROS is the key determinant of
particle-induced pathogenesis of lung disease.

3.1.2. Risk to astronauts on the moon from exposure to
LD containing free radicals

Because astronauts on the moon could be exposed to LD con-
taining ROS, articles by Vandette (2018) and Specktor (2018)
have claimed that LD is highly toxic based on the findings by
Caston et al. (2018) that ground LD simulant (a terrestrial vol-
canic ash) contained free radicals. Caston concluded that, “the
ability of the simulants to produce ROS ...was not correlated
with the observed cytotoxic or genotoxic effects” in their human
cell culture studies. Studies of rats exposed to authentic
Apollo14 LD revealed the LD is in fact only moderately toxic
(Lam et al. 2013). Although LD is expected to contain psROS in
situ, our 5-dust ITI study showed that psROS does not contribute
significantly to the pulmonary toxicity of LD (Lam et al. 2022),
which will alleviate some of the concerns of the NASA engineers
responsible for designing a clean lunar living-quarter and those
of the Artemis astronauts. In light of these data, NASA has estab-
lished exposure limit for LD for expeditions on the moon of up
6 months. The LD permissible exposure limit was based on the
data of the no-observable-adverse-effect-level (NOAEL) for rats
exposed to airborne LD for 4 weeks (Lam et al. 2013). This LD
exposure limit is 20-fold lower than the NOAEL and was
approved by a NASA-appointed Non-Advocate Review
Committee consisting of prominent particle toxicologists.

3.2. Alveolar epithelial cells are the key lung cells
recruiting neutrophils into the lung

It is not easy to isolate AECs from the lung; however, it is rela-
tively easy to obtain AMs and show that they can produce
cytokines. Therefore, cytokines found in BALF are often
thought to come exclusively from macrophages. It is well
established that many cell types in the lung can produce
inflammatory cytokines including endothelial cells, epithelial
cells, and resident macrophages (many near the interface with
the external environment; Boyle 2005). When particles land
deep in the lung, they first contact the AECs. However, AECs
(the “victims”) are seldom thought to be involved in sending
out “SOS” cellular messengers to recruit inflammatory cells.
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Figure 3. Rats were intratracheally instilled with lunar dusts (LD), TiO,, and quartz (SiO,) at 0 (control), 1, 2.5, or 7.5 mg/rat. The lungs were lavaged 1 or 4 weeks
after the dust instillation. Numbers of alveolar macrophages (A) and neutrophils (B) were determined. ROS of total BAL cells was assessed by chemiluminescence
(C). X-axis labels: jet-milled LD: LD-jm (green); unground LD: LD-ug (blue); ball-milled LD: LD-bm (red); bars of lighter color-shades represent 1 week; bars of darker

color-shades represent 4 weeks. Each bar is the mean + SD from six rats.

Studies of infectious diseases indicate that the AECs syn-
thesize cytokines to recruit inflammatory cells into the lung
when exposed to microbial particles (Bello-Irizarry et al. 2012;
Alon et al. 2021). The results of a study conducted on several
mineral dusts by Finkelstein et al. (1997) that examined the

proinflammatory cytokine gene activation in lung tissues also
indicated that particle-inflicted AECs were involving in
recruiting the leukocytes to the lung of dust-exposed ani-
mals. The authors noted that, “effects on the epithelium are
due to direct interactions with particles, not a result of
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Figure 4. Relative ROS levels in BAL cells from rats instilled with lunar dusts (LD), TiO,, and quartz (Si0,) at 0 (control), 1, 2.5, or 7.5 mg/rat. The lungs were lavaged 1 or 4
weeks after the dust instillation. ROS in BAL cells were assessed by a chemiluminescence assay. X-axis labels: jet-milled LD: LD-jm (green): unground LD: LD-ug (blue); ball-
milled LD: LD-bm (red); bars of lighter color-shades represent 1-week groups; bars of darker color-shades represent 4-week groups. Each bar is the mean + SD from six rats.

macrophage-derived mediators.” These data indicate AECs,
not macrophages, are the key cell-type in the lung that
releases cytokines to recruit neutrophils after particle expos-
ure. Further support for the direct role of epithelial cells in
expression of particle-induced inflammatory cytokine comes

from Driscoll et al. (1996); Driscoll, Carter, et al. (1997). The
authors concluded that “... rat lung epithelial cells are key
contributor to chemokine expression in the lung after expos-
ure to o-quartz and potentially other noxious particles”
(Driscoll et al. 1996).
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Figure 5. (A) A replica of Figure 3(C) (levels of ROS in all BAL cells) plotted here to ease comparison. (B) ROS levels in all BAL neutrophils (Figure 4(B)) were multi-
plied by 2 and plotted here (Figure 5(B)) to compare with the ROS levels of all BAL cells (Figure 5(A)). Cells were lavaged from rats 1 or 4 weeks after they instilled
with lunar dusts (LD), TiO,, and quartz (SiO,) at 0 (control), 1, 2.5, or 7.5mg/rat. Note, we initially assumed that the level of oxidants generated by a
neutrophil = the level of oxidants generated by a BAL cell; however, data from Driscoll, Deyo, et al. (1997) showed that the oxidative capacity of a neutrophil is
twofold of that of a BAL cell from rats exposed to quartz. X-axis labels: jet-milled LD: LD-jm (green): unground LD: LD-ug (blue); ball-milled LD: LD-bm (red); bars of
lighter color-shades represent 1-week groups; bars of darker color-shades represent 4-week groups.

3.3. Contribution of neutrophils to oxidative stress and
disease in the lung

3.3.1. Lung toxicity correlated with alveolar neutrophils in
dust-exposed rats

The causal relationship between alveolar neutrophilia and
lung pathology has been well demonstrated in studies with
TiO,. Lee et al. (1985) reported that rats exposed to

250 mg/m> pigmentary or pum-sized TiO, (um-TiO; primary
size (ps) <1 pm) for 2 years developed tumors in the lungs.
Heinrich et al. (1995) also reported that rats developed
tumors when chronically exposed to 10mg/m® ns-TiO, (ps
14nm). Bermudez et al. (2002, 2004) exposed rats to
250 mg/m> of um-TiO, (ps < 1 um) or 10 mg/m> of ns-TiO,
(ps 2nm) for 13 weeks and showed that neutrophils
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accounted for 83% and 65% of recovered BAL cells, respect-
ively. Alveolar epithelial hyperplasia and metaplasia, and sep-
tal fibrosis were also observed. In these studies, the severity
of lung lesions correlated with the levels of BAL neutrophils.
Driscoll, Deyo, et al. (1997) reported that increased mf in
AECs of rats exposed to either quartz, CB, or TiO, was dose-
and dust-dependent (mf. Qz > CB > TiO,) and the mutations
were attributed mainly to the oxidants produced by the
recruited neutrophils (Figure 2(A,B)). During persistent par-
ticle-induced inflammation, continuous release of oxidants
from neutrophils could lead to lung lesions, mutagenesis,
and carcinogenesis (Driscoll 1996).

3.3.2. The concerted responses of particle-afflicted AECs
and the recruited neutrophils start the disease process

Presented in the current manuscript are experimental data
from LD studies assessing the toxicological role of oxidants
generated by alveolar neutrophils. These results and relevant
data from other published research support the relationship
between neutrophilic inflammation and persistent oxidative
stress in the lungs is a key factor in the AOP of dust-induced
lung disease. Our proposed AOP of dust toxicity in the lung
involves the concerted responses of the particle-stimulated
AECs and the recruited alveolar neutrophils: dust exposure
stimulates cytokine release from AECs, which recruit the
inflammatory cells to the lung, and the persistent neutrophilia
is a source of continuous release of oxidants and other harm-
ful cellular contents that lead to pulmonary pathogenesis.

3.3.3. Level of oxidants produced by BAL cells including
neutrophils estimated using the CL assay that requires
zymosan

3.3.3.1. Measuring alveolar neutrophils’ oxidant levels with
the CL assay used for blood neutrophils. The CL assay, with
stimulates test cells with zymosan, has been used to meas-
ure levels of ROS generated by human and rat neutrophils
and macrophages (Castranova et al. 1985, 1990; Antonini
et al. 1994; Porter et al. 2002). A NIOSH study employed this
CL assay to measure oxidants generated by BAL cells
obtained from silica exposed rats (Porter et al. 2002). The
authors attributed the CL signal generated by the BAL cells
to macrophages only. Support for their claim that macro-
phages respond to unopsonized zymosan but neutrophils
(isolated from dust-exposed animals) do not was based on
the studies by Allen (1977) and Hill et al. (1977) showing
human blood neutrophils cannot respond to unopsonized
zymosan unless opsonized by C3 compliment. It is note-
worthy that the studies of Allen (1977) and Hill et al. (1977)
were conducted on untreated normal human blood neutro-
phils and showed that zymosan would need to be opson-
ized by C3 in serum unless in the presence of bivalent
cations (Ca®" and Mg?").

3.3.3.2. Neutrophils in the presence of macrophages can
interact with zymosan and undergo an oxidative burst.
Ezekowitz et al. (1985) showed that macrophages can secrete
C3 to opsonize zymosan. After studying a macrophage-

neutrophil co-culture in the presence of unopsonized zymo-
san, Ezekowitz et al. (1985) concluded that “[(1)] M¢$ comple-
ment and/or other products enable the PMN to react with
zymosan particles in the absence of serum; [(2)] PMN are
attracted to zymosan-bearing M¢, aggregate, and degranu-
late with resultant destruction of macrophages as well as
PMN, presumably a result of the vigorous respiratory burst;
[(3)] PMN clustered around Md-containing zymosan and
released large amounts of O,"." Neutrophil and PMN were
used interchangeably by these authors in their paper.

3.3.3.3. Neutrophils can interact with un-opsonized zymo-
san. Several groups reported that human neutrophils can
phagocytize unopsonized zymosan or yeast (Ross et al. 1985;
Makni-Maalej et al. 2013; Gupta-Wright et al. 2017). Yuen
et al. (2016) noted that “Neutrophils also carry key compo-
nents of the complement alternative pathway (AP) such as
properdin or complement factor P (CFP), complement factor
B (CFB), and C3."

3.3.3.4. TNFo. can activate neutrophils to secret C3 to
opsonize zymosan. Botto et al. (1992) and Camous et al.
(2011) showed that TNFa-activated neutrophils produced and
secreted C3. Our NASA LD toxicity assessment team detected
TNFa in the BALF from our LD-exposed rats (Crucian et al.
2014). These results support a mechanism whereby the
recruited neutrophils in the lungs of dust-exposed rats could
be activated by TNFo and other mediators that enabled neu-
trophils, like macrophages, to produce C3. C3 from the alveo-
lar neutrophils and macrophages of dust-exposed rats could
opsonize zymosan, triggering both neutrophils and AMs to
release O, in a CL assay.

3.3.3.5. Alveolar neutrophils from dust-exposed rats differ
from neutrophils from normal human blood. Human blood
neutrophils and monocytes are not activated. Monocytes
entering the lung are activated and become macrophages.
Driscoll, Deyo, et al. (1997) showed that the oxidants released
from alveolar neutrophils that were isolated from dust-exposed
rats caused mutations in naive RLE6TN cells (rat alveolar type Il
AEC cell line) in vitro (Figure 2(A)). The mf increased with the
oxidant contents of the alveolar neutrophils ([Ox]y.), which
correlated with the dose and cytotoxicity of the dust ([Ox]ny:
Rat-q, > Rat- p > Rat-1i0;) (Figure 2(B)). Therefore, neutrophils
in the lungs of dust-treated animals have been activated or
modulated by cytokines and other cellular mediators. The
alveolar neutrophils from dust-exposed rats would differ from
untreated blood neutrophils from humans in the ability to
interact with unozonized zymosan.

3.3.3.6. Levels of CL produced by neutrophils. The data pre-
sented suggest that neutrophils can interact with zymosan with-
out the zymosan being pre-opsonized with C3 or serum. The
NASA toxicology team used the NIOSH CL assay protocol to
measure ROS in BAL cells. Because it is difficult to separate neu-
trophils from macrophages in studies involving a large number
of animals (our dust ITI study conducted at NIOSH used 192 rats
(five dusts, three doses and two time points, plus control



groups), Lam et al. 2022). NASA researchers performed the
standard cell differential counts of BAL cell preparations. The CL
assay estimated the oxidant levels per million BAL cells. In the
dust-exposed rats, BAL cells consisted of essentially macro-
phages (M) and neutrophils; therefore, it was conservatively
assumed that oxidant level per BAL cell ([Ox]gc) = oxidant level
per macrophage ([Ox]ugs) = oxidant level per neutrophil
([OxInw)- It is noteworthy that Driscoll, Deyo, et al. (1997) showed
in a quartz-exposed rat, the oxidant level in a neutrophil was
about 2.5-fold higher than that in a macrophage, and BAL cells
enriched with neutrophils were more oxidatively mutagenic
than the same number of BAL cells containing a higher percent-
age of macrophages, which indicates [Ox]ny > [OX]pg-

3.4. Levels of ROS in BAL neutrophils harvested from
the rats in the ITI studies correlated with the exposure
doses and cytotoxicity of the test dusts

Using the CL assay on BAL cells harvested from rats 1 or
4 weeks after they were instilled with one of five test dusts
(Lam et al. 2022) or one day, 1, 4, or 13 weeks after the 4-
week LD inhalation exposure (Lam et al. 2013), the relative
levels of ROS produced by each million neutrophils or per
neutrophil ([Ox]y,) was estimated, assuming [Oxlyy, = [Oxlgc,
as noted above. The following are our findings on ROS rele-
vant to the dust-induced lung toxicity.

3.4.1. BAL cells counts and levels of ROS generated by
BAL cells from rats instilled with five test dusts

The number of macrophages and neutrophils in BALF sam-
ples from the rats in the ITl studies are shown in Figure
3(A,B) (number of neutrophils, 7). The estimated relative lev-
els of ROS generated by the total BAL cells are shown in
Figure 3(C) and the relative level of ROS per million BAL cells
or neutrophils (value per neutrophil: [Ox]y,) are shown
Figure 4(A); the sum of ROS generated by total BAL neutro-
phils 3 [Oxlny = 1 x [OxIno) are shown in Figure 4(B).
Figure 4(B) shows that ROS generated by all the BAL neutro-
phils increased with instilled dose and exposure duration
(> [Ox]Iny: 4 weeks > 1 week). The data for rats instilled with
unground LD, shown in Figure 4(B), have been replotted in
Figure 4(C) to better illustrate that the neutrophilic oxidants
increased with dose and with the time that the instilled par-
ticles remained in the lung (> [OxIy,: 4 weeks > 1 week).
These dose- and time-dependent patterns were similarly
reflected in the pathological changes detected in the lung
(Lam et al. 2022).

3.4.2. The levels of ROS in BAL neutrophils correlated with
the toxicity of test dusts

The levels of ROS in BAL neutrophils harvested from the
lungs of the rats in the NASA 5-dust ITI study increased fol-
lowing the order of cytotoxicity of the dusts (i.e.
Qz > LD > TiO,). Rats instilled with quartz showed the
highest levels of ROS per million cells, and those instilled
with TiO, had the lowest levels (Figure 4(A)). All three LDs
produced intermediate levels of ROS per million BAL
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neutrophils. These neutrophilic oxidative biomarkers were
consistent with the pulmonary pathology and with some
other toxicity biomarkers in the lungs produced after expos-
ure to these dusts (Lam et al. 2022). It is noteworthy that
the neutrophilic oxidants, inferred from the extent of oxida-
tive mutation, in dust-exposed rats increased with the cyto-
toxicity of the dusts (Qz > CB > TiO,) as reported by
Driscoll, Deyo, et al. (1997).

3.4.3. The total amount of oxidants generated by BAL
cells (> [Oxlgc) correlated more closely with the number
of neutrophils than with the number of macrophages

In the 5-dust ITI study, the total amount of oxidants in all
BAL cells (Figure 3(C)) correlated more closely with the total
number of neutrophils (Figure 3(B)) than with the total num-
ber of macrophages (Figure 3(A)). Figure 3(C) shows that the
amount of oxidants detected in all BAL cells (3 [Oxlgc) of the
rats exposed to the high dose for 4 weeks were higher than
these of the rats exposed to the high dose for 1 week.
However, the rats exposed to the high dose for 4 weeks had
less macrophages (Figure 3(A)) than the rats exposed to the
high dose for 1 week.

3.4.4. Total oxidants in BAL cells (> [Ox]gc) vs. 2-times the
ROS in all neutrophils (2 x > [Ox]ny)

In the mutation study mentioned above, Driscoll, Deyo, et al.
(1997) showed that a million neutrophils were about 2- to 2.5-
fold more oxidatively mutagenic than the same number of BAL
cells or AMs, respectively (Figure 2(A)). We stated earlier that
we had assumed for our calculation that the level of oxidants
per BAL cell ([Ox]gc) = level of oxidant per macrophage and
(IOxImg) = level of oxidant per neutrophil ([Ox]n,). However,
this likely underestimated the level of oxidants from a neutro-
phil relative to a mixed BAL cell population and a macrophage
population. Assuming a million neutrophils generated twofold
more oxidants than the same number of BAL cells (i.e.
[OXIny = 2 X [Ox]gc), we replotted the levels oxidants gener-
ated by all neutrophils for the ITI study (Figure 4(B): > [OxIny
yielding Figure 5(B): 2 x ) [Ox]yy). For the doses that showed
toxicity in the ITI dust study, the profile or pattern of the bar
graphs (2 x > [Oxly,) in Figure 5(B) closely matches the
> [Ox]gc profile in Figure 5(A). These suggest that the neutro-
phils contributed more than macrophages to the oxidants
detected in all BAL cells (> [Oxlgc).

3.5. Levels of ROS in BAL neutrophils harvested from
the rats in the LD inhalation studies increased with the
LD exposure concentrations and post-exposure time

3.5.1. BAL cell counts and levels of ROS generated by BAL
neutrophils from rats exposed to airborne LD

We also determined the differential cell counts and ROS
levels in BAL cells from the inhalation-exposed rats. The
number of macrophages and neutrophils () are shown in
Figure 6(A,B), respectively. Figure 6(C) shows the ROS values
estimated from the total BAL cells. The relative neutrophilic
oxidant per cell ([Ox]ny) or per million cells and the total
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Figure 6. Rats were exposed to lunar dust by inhalation at 0, 2.1, 6.8, 20.8, or 60.6 mg/m3 for 4 weeks and the right lungs were lavaged thereafter at 1 d and 1, 4,
and 13 weeks. BAL cells were harvested; macrophages and neutrophils were counted and plotted in (A) and (B), respectively. ROS generated by all BAL cells were
assessed by chemiluminescence. Each bar is the mean + SD from five rats.

neutrophilic oxidants (3 [Oxlny = 1 X [OxInu) are shown in  produced by the recruited neutrophils in the lung, correlated
Figure 7(A,B), respectively. These neutrophilic oxidants with the pulmonary toxicity observed in the LD inhalation
O oOXIne = 1 x [OxIny), which reflect oxidative stress study (Lam et al. 2013).
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Figure 7. Rats were exposed to lunar dust by inhalation at 0, 2.1, 6.8, 20.8, or 60.6 mg/m° for 4 weeks. The right lungs were lavaged thereafter at 1 d and 1, 4, and
13 weeks. (A) The relative amount of ROS from all BAL cells or neutrophils (estimated by a chemiluminescence assay) and (B) the relative amount of ROS detected
in all neutrophils from each of the groups of animals. Each bar is the mean + SD from five rats.

3.5.2. The concentration-dependent and post-exposure
time-dependent increases in levels of ROS in BALF closely
correlated with neutrophil counts

Figure 6(C) shows the ROS values estimated from the total
BAL cells from rats in the LD inhalation study. The levels of
BAL ROS (Figure 6(C)) correlate closely with BAL neutrophil
counts (Figure 6(B)), and less with macrophage counts
(Figure 6(A)). This finding suggests the neutrophils produced
more of the ROS in the BAL cells than macrophages did.
Furthermore, the BAL cells from rats exposed to 60.6 mg/m?
had higher levels of oxidants than those from rats exposed
to 20.8 mg/m? for all the post-exposure time points; this find-
ing is clearly reflected in the neutrophil counts (Figure 6(B))
but not in the microphage counts (Figure 6(A)). The relative

level of ROS per million BAL cells or neutrophils (value per
neutrophil: [Ox]y,) is shown in Figure 7(A), whereas Figure
7(B) shows that ROS is generated by all the BAL neutrophils.
Both figures show neutrophil oxidants increased with expos-
ure concentration and post-exposure time. These data were
also consistent with our histopathological findings (Lam et al.
2013).

Similar to Section 3.4 (the ITI study), we replotted the data
of the levels of oxidants generated by all neutrophils
(Figure 7(B): > [Oxlny to yield the profile of 2 x > [OxIny
(Figure 8(B)). Figure 8(B) closely matches with that of
> [Oxlgc (Figure 8(A)) for the two high LD inhalation concen-
trations (21.8 and 60.6 mg/m?) that produced lung toxicity.
These suggest that the neutrophils contributed more than
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Figure 8. (A) Relative amount of ROS in all BAL cells of rats one day or 1, or 13 weeks after they were exposed to airborne lunar dust (a replica of Figure 6(C) plot-
ted here to ease comparison. (B) ROS levels in all BAL neutrophils were multiplied by 2 and plotted here to compare with the ROS levels of all BAL cells (Figure
8(A)). Note, we initially assumed that the level of oxidants generated by a neutrophil = the level of oxidants generated by a BC; however, data from Driscoll, Deyo,
et al. (1997) showed that the oxidative capacity of a neutrophil is twofold of that of a BAL cell from rats exposed to quartz.

macrophages to the oxidants detected in all BAL cells
(>_[Oxlgc). The LD at exposure concentrations of 2.1 and
6.8mg/m> that resulted in no neutrophil recruitment and
toxicity in the lung were the NOAELs of the 4-week LD inhal-
ation (Lam et al. 2013).

We also observed a dose-dependent and time-dependent
increase in oxidant level per million BAL cells (or per cell,
[Ox]gc) in the LD inhalation study, which correlated with the
number of neutrophils (correlation coefficient r = ~0.8), but
not with the number of macrophages (r = 0.46) (Zhang et al.
2023). These findings further suggest that the oxidants
detected in the BAL cells in the lungs of rats that have sub-
stantial inflammation are derived mainly from the alveolar
neutrophils.

3.5.3. The level of oxidants in BAL cells correlates more
closely with the number of neutrophils than the number
of macrophages in studies reported by others

Castranova’s team instilled rats with residual oil fly ash and
Listeria monocytogenes and found that the total CL gener-
ated by all neutrophils was greater than that generated by
all macrophages despite the number of BAL neutrophils
being much fewer than the number of macrophages
(Roberts et al. 2007). Albrecht et al. (2005) assessed ROS by
measuring hydrogen peroxide in the lungs of quartz-
instilled rats and found that this measure correlated with
the total number of neutrophils but not with the total num-
ber of macrophages in the BAL cells. When rats were
instilled with quartz and BAL cells were examined 15 months
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Figure 9. Rats were exposed to lunar dust by inhalation at 0, 2.1, 6.8, 20.8, or 60.6 mg/m3 for 4 weeks and the right lungs were lavaged thereafter at 1 d and 1, 4,
and 13 weeks. BALFs were assessed for cytokines. (A) IL-1B levels. (B) TNF-o. levels. Each data point contains the mean + SD from five rats.

later, Driscoll, Deyo, et al. (1997) reported the amount of
oxidants per neutrophil was 2.5 times higher than the
amount per macrophage. Taken together, these data sup-
port that, in dust-exposed rats with substantial and persist-
ent lung neutrophilia, such as those observed in the TiO,
inhalation studies of Bermudez et al. (2002, 2004), activated
neutrophils are the major contributors to pulmonary oxida-
tive stress and lung injury.

3.6. Molecular and genotoxic events in AECs - the roles
of cytokines and neutrophils in particle-induced
pathogenesis

3.6.1. Neutrophil-associated gene products IL-13 and TNFo.
were detected in LD-exposed rats

BALF samples collected from rats at 1 d, 1, 4, and 13 weeks
after the 4-week LD inhalation exposure displayed
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Figure 10. Rats were exposed to lunar dust by inhalation at 0, 2.1, 6.8, 20.8, or 60.6 mg/m3 for 4 weeks and the right lungs were lavaged thereafter at 1 d and 1, 4,
and 13 weeks. Post-lavage lung tissues were assessed for CXCL2 gene expression (A). Relative levels of ROS from all BALF neutrophils were estimated by a chemilu-

minescence assay (B). Each point represents the average data from five rats.

concentration-dependent and post-exposure time-depend-
ent increases in concentrations of IL-1 and TNFa (Figure
9(A,B)). Both TNFa and IL-1B are cytokines known to acti-
vate neutrophils to produce oxidants. Ferrante (1992)
noted, “TNFs are direct stimuli for the neutrophil respira-
tory burst and weak stimuli of lysosomal enzyme release.
The TNFo augment the oxidative burst and lysosomal
enzyme release ...”

3.6.2. Gene expression in the lungs of rats exposed to
quartz reveals the mechanism of particle-induced Ilung
disease

In a toxicogenomic study conducted at NIOSH in which rats
were exposed to crystalline silica for five days at 15 mg/m?,
Sellamuthu et al. (2013) reported that “Genes involved in oxi-
dative stress, inflammation, respiratory diseases, cancer, and
tissue remodeling and fibrosis were significantly differentially



expressed in the rat lungs.” The authors concluded that stud-
ies of gene expression profiling and bioinformatics (toxicoge-
nomics) on lung tissues of dust-exposed rats can reveal the
initiation, progression, and mechanism of pathogenesis.

3.6.3. Lunar dust exposure induced AECs to upregulate
the neutrophil chemokine gene CXCL2

Using standard toxicogenomic assays, the activation of proin-
flammatory and fibrotic genes was assessed in the lung tis-
sues of the rats in the LD inhalation study. Figure 10(A)
shows the dose- and time-dependent curves of the activation
profiles of the CXCL2 gene (measured as increased gene
product CXCL2 mRNA) in rat tissues after the AMs and other
leukocytes were removed by lavage. The pattern of cytokine
increases (Figure 9(A,B)) is similar to that of CXCL2 genes
(Figure 10(A)). Figure 10(B) shows the levels the oxidants
from all neutrophils harvested from the lungs of rats exposed
to each of the four LD concentrations for 4 weeks and
assessed up to 13 weeks after the dust exposure. Note that
the profiles for the CXCL2 gene and levels of oxidants are
similar. These findings suggest that the recruitment and acti-
vation of neutrophils in the lung, resulting from the inter-
action between the dust particles and AECs, leads to
expression of the CXCL2 gene. As noted above, BALF TNFa
and IL-1B cytokines (Figure 9) similarly increased in a dose-
and time-dependent manner. These findings suggest that
AECs exposed to dust particles also up-regulate genes for
neutrophil-associated cytokines TNFa and IL-1p.

3.6.4. LD-induced activation of CXCL2 gene in the lung tis-
sue and the function of CXCL2 chemokine

The CXCL2 gene (located on chromosome 4 in humans) is
the template for biosynthesis of a cluster of CXC chemokines.
CXCL2 RNA, which was detected in elevated levels in the LD
inhalation study mentioned above, codes for the cytokine-
induced neutrophil chemoattractant 3 (CINC-3, also known as
MIP-2).

Neutrophils are known to cause bronchopulmonary dys-
plasia and lung injury in premature human babies (Lorant
et al. 1999); these babies usually need hyperoxia therapy.
Searches have long been conducted for drugs (such as inhibi-
tors of IL-6 and CINC) that block neutrophil influx in the lung
to alleviate the neutrophil-induced lung damage (Rudloff
et al. 2017). Auten et al. (2002) reported that neonatal rats
that were exposed to 95% oxygen immediately after birth
and assessed eight days later had neutrophil influx into the
lung and showed impaired lung development and signs of
oxidative DNA damage. When hyperoxia-exposed neonatal
rats were treated with anti-CINC to block neutrophil recruit-
ment on day 3 and day 4, a significant reduction in DNA
strand breaks and nucleic acid oxidation in lung parenchymal
cells was observed. The authors concluded that “neutrophil
influx during hyperoxia damages DNA by nicking and oxida-
tion, and that blocking neutrophil influx can prevent this. ...
Neutrophil-mediated oxidative DNA damage may contribute
to abnormal lung development in newborns subjected to
significant oxidative stress neutrophil-generated ROS
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contribute significantly to nucleic acid damage in newborn
rat lungs..."” Similarly, Chang et al. (2009) reported that rats
exposed to 95% O, at birth had lung injury when examined
on day 14. The levels of TNF-o and IL-6 mRNA were elevated.
Blocking these neutrophil-associated cytokines reduced the
lung toxicity. Auten et al. (2002) provide evidence that oxi-
dants from neutrophils are genotoxic and can trigger oxida-
tive DNA damage.

The activation of the lung gene of rats in the LD inhal-
ation study (Figure 10(A)) and the results of the neonatal rat
studies suggest that high oxygen concentration in the air
causes irritation or some damage to the AECs (likely to the
cell membrane) triggering the AECs to activate the CXCL2
gene(s) to produce CINC cytokine(s), which recruit the neu-
trophils to the lung. The AECs also increase the production
of IL-1B, IL-6, and TNFa, which can stimulate neutrophils’ oxi-
dant production. Koto et al. (1997) used anti-CINC to block
neutrophil influx and lung toxicity in Os-exposed rats and
reported that, “Ozone exposure [1 ppm for 3 h] induced a sig-
nificant neutrophilia [05: 16 x 10% air: 4.2 x 10*] in BALF at
24 h after exposure; prior treatment with a goat anti-CINC
antibody (1mg, intravenously) suppressed the neutrophilia
[3.1 x 107 ...”

3.6.5. CXCL2 gene code for cytokine-induced neutrophil
chemoattractant 3 - a functional homologue of the
human cytokine IL-8 (CXCL8)

The CXCL2 cytokine is a functional homologue of the human
CXCLS8, which is also known as IL-8 or neutrophil chemotactic
factor (Watanabe et al. 1991; Mitsuhashi et al. 1999). Beside
recruiting neutrophils, IL-8 also activates neutrophils
(Baggiolini et al. 1989). Human AECs released IL-8 when incu-
bated with quartz, asbestos, amphiboles, or TiO, (Rosenthal
et al. 1994; Hetland et al. 2001; Monteiller et al. 2007). IL-8 is
the cytokine primarily responsible recruiting neutrophils into
lungs of cystic fibrosis (CF) patients (see discussion below).
Jeon et al. (2002) demonstrated that the in vitro migration of
human neutrophils followed a directional concentration gra-
dient of IL-8. It can be inferred that cytokines released by
dust-exposed AECs will recruit neutrophils to the exact sites
(sources of cytokine release) of the deposited particles or
injury (dust-inflicted AECs), and the greater the exposure or
injury, the more neutrophils will arrive.

3.6.6. Oxidants from neutrophils are genotoxic and can
cause oxidative damage to DNA

In the aforementioned study of anti-CINC to block neutrophil
recruitment (Auten et al. 2002) conducted by the Neonatal-
Perinatal Research Institute of Duke University, neonatal rats
exposed to 95% O, for eight days had neutrophil influx and
about fivefold more 8-OH-2-deoxyguanosine (OHdG, a marker
for DNA oxidative damage) in their AECs (~32% OHdG) than
the air-exposed neonates (~6% OHdG). When neutrophil
influx into the lung was blocked by anti-CINC treatment on
day 3 and day 4 after the hyperoxia exposure, this reduced
the formation of OHdG to about 8%, which was close to the
level of air-exposed neonatal rats. Bronchiolar epithelial cells
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Figure 11. Molecular and genomic mechanism of pathogenesis. Dust lands on the alveolar epithelial cells and triggers the cells to up-regulate the proinflammatory
genes to produce chiefly CXCL2 chemokine (cytokine-induced neutrophil chemoattractant 2 (CINC-2)) and TNFa, IL-1B, IL6 cytokines. CINC chemokine recruits neu-
trophils while TNFa and IL-1 activate neutrophils to produce oxidants, leading to alveolar neutrophilia. Neutrophilic oxidants damage the lung and DNA. Persistent
neutrophilia in chronically and heavily dust exposed rodents (particular the rats) could result in lung lesions including fibrosis, hyperplasia, metaplasia, and even
cancer. OS: oxidative stress. Total amount of neutrophilic oxidants: > [Ox]n, = [OXIny X 7.

in the same rats had similar levels of DNA oxidative damage
as the AECs. The authors also measured DNA nicking or
breaks in AECs using the TUNEL (terminal deoxynucleotidyl
transferase dUTP nick end labeling) assay and determined
that DNA breaks induced in AECs by exposures to 95% O,,
95% 0O, + anti-C1NC, or air were about 1, 0.02, and 0.2 flor-
escence units, respectively. Auten et al. (2002) concluded that
“... that blocking neutrophil influx significantly reduces DNA
strand breaks and nucleic acid oxidation in lung parenchymal
cells. We conclude that neutrophil-generated ROS contribute
significantly to nucleic acid damage in newborn rat lung
even during very high ambient oxygen.” These data show
neutrophilic oxidant is not only cytotoxic, but also genotoxic.

3.6.7. Oxidants from alveolar neutrophils caused muta-
tions in AECs in the lung of dust-exposed rats

The CXCL2 expression data from LD-exposed lung tissues
presented herein, the data on neutrophil-induced lesions and
oxidative DNA damage that can be blocked with anti-CINC in
the lung of neonatal rats (Auten et al. 2002), and the results
on oxidants from alveolar neutrophils induced mutations in
AECs of dust-exposed rats (Driscoll, Deyo, et al. 1997) help
elucidate the genomic/molecular mechanisms of pathogen-
esis of lung diseases including cancer in rats chronically
exposed to high concentrations of dusts. Figure 11 illustrates
the process of dust-inflicted AECs activating their proinflam-
matory genes (chiefly CXCL2) to produce chemokines (CINC
chemokine) that recruit neutrophils and neutrophil-targeting

cytokines (chiefly TNFa, IL-1B, and IL-6) that activate neutro-
phils, leading to lung disease.

3.7. Oxidant and proteolytic enzymes from dying short-
lived neutrophils contributing to pathogenesis

3.7.1. Half-life of recruited neutrophils

Egger et al. (1988) reported that, at the site of inflammation,
rat neutrophils have a lifespan of 20 min during the intensive
period when they are recruited to the lung and a lifespan of
5.5h after the onset of inflammation. These authors also
noted that “cell death and disintegration is evidently due to
self-destructive peroxidation.” Generally, neutrophils have a
half-life of several hours and a lifespan of 1-3 days in tissue
(Egger et al. 1988; Robinson 1998; Knudsen et al. 2004;
Summers et al. 2010). Scheel-Toellner et al. (2004) proposed
that accumulation of ROS is the primary factor limiting neu-
trophil life span. By comparison, the half-life of macrophages
was reported by several groups to be 10-30 days (Fritsch
and Masse 1992; Murphy et al. 2008).

3.7.2. The number of recruited alveolar neutrophils greatly
outnumber the recruited AMs in rats exposed to very high
concentration of dust

Rats exposed to 250 mg/m® of TiO, for 2 years developed
lung tumors (Lee et al. 1985). Bermudez et al. (2002) exposed
rats to the same TiO, concentration for 13 weeks and
reported large influxes of neutrophils into their lungs. Based
on the data reported by Bermudez et al. (2002), it can be



estimated the lung of a TiO,-exposed rat that had about 32
million BAL cells (100%) would have ~26.5 million (83%) neu-
trophils and ~5.5 million (~17%) macrophages. Assuming
that the average half-lives of neutrophils and macrophages
are 5h and 15 days (or 360 h), respectively, in a TiO,-exposed
rat from this Bermudez study, roughly 2.75 million (i.e. half of
the ~5.5 million) macrophages would have died (or exited
the lung) and would have been replaced by incoming macro-
phages every 15 days. In the same 15-d period, about 954
million neutrophils would also have died and been replen-
ished (i.e. half of the ~26.5 million (or ~13.25 million) would
have died and would have been replaced every 5h (~954
million neutrophils in 15 d (or 360h)). Macrophages would
become overburdened by the large amount of dust particles
as well as dying neutrophils in the lung. To remove the dying
neutrophils, each macrophage would have to phagocytize
~400 neutrophils (972 million neutrophils -+ 2.5 million mac-
rophages = 389). The macrophages themselves might have
been injured by toxic particles or overwhelmed by the pres-
ence of a large number of particles. Morrow (1988) pointed
out that phagocytosis decreases when the volume of phago-
cytized composite exceeds 6% of normal macrophage vol-
ume, and it completely ceases when the volume reaches
60%. These inflicted or particle-laden macrophages would
not be effective in removing such a large number of dying
neutrophils.

3.7.3. Unphagocytized apoptotic alveolar neutrophils
undergo secondary necrosis releasing oxidants and other
harmful cellular contents

The unphagocytized apoptotic neutrophils undergo second-
ary necrosis and release their oxidants and proteolytic
enzymes, which would further damage local tissue (Robinson
1998; Liu et al. 2003; Rydell-Tormanen et al. 2006; Quint and
Wedzicha 2007; Silva et al. 2008; Arandjelovic and
Ravichandran 2015). Zhang et al. (2002) pointed out that “...
excessive apoptosis may overwhelm clearance processes and
cause secondary necrosis of apoptotic bodies.” The particle-
induced cellular events in the lungs of rats heavily and
chronically exposed to PSPs leads to the prolonged release
of oxidants ([Ox]y,) from the neutrophils as they undergo
necrosis and are replenished. The oxidants subsequently
injure the AECs and damage their DNA (Auten et al. 2002),
which could initiate hyperplastic and metaplastic reactions
that could progress to metaplasia and cancer.

3.8. AMs and their role in dust-induced pulmonary
pathology

If the dust burden in the lung is small, macrophages with
engulfed particles migrate to the mucociliary apparatus or
escalators and are transported out of the lung. However, if the
lung is overburdened with particles, the dust exposure over-
whelms the ability of macrophages to remove particles.
Moreover, the particle-laden macrophages can also contribute
to lung pathogenesis. These particle-overloaded macrophages
are less mobile and therefore less likely to move out of the
lung before dying. Some of the dead macrophages would be
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engulfed by incoming macrophages. Aggregates of dead mac-
rophages would progress in the development of granulomas,
as is typically seen in the lungs of rodents heavily exposed to
dust and in the lungs of pneumoconiosis patients (Chong et al.
2006). These dead macrophages can also release their own
harmful contents and ingested particles to the surrounding
epithelium, damaging the epithelial cells and triggering release
of more cytokines by afflicted AECs; the released cytokines
would augment recruitment of inflammatory cells and pro-
mote proliferation of fibroblasts. Fibrosis, a common manifest-
ation of chronic and heavy dust exposure, is a cellular defense
process in which fibroblasts produce large amounts of collagen
to wall off areas of inflammation and oxidative injury. Typically,
granulomas are surrounded by fibrotic tissue. If dust particles
and neutrophil recruitment persist in the lung, the granuloma-
tous inflammation and fibrosis will progress with time, and the
disease state could progress to massive fibrosis.

3.9. Progress of pathogenesis with time

A 12 mg/rat bolus dose of quartz instilled into male rats resulted
in tumor incidence of 0% (after 6 months), 17% (after
11 months), 32% (after 17 months), and 86% (after 26 months)
(Saffiotti 1992). These results illustrate that lesions progress with
time, particularly in rats instilled with large doses of dust. NIOSH
toxicity data (Figure 12) show that when rats were exposed to
15mg/m? quartz the number of neutrophils and amount of
fibrosis increased with exposure duration (Castranova et al.
2002; Porter et al. 2004). Castranova et al. (2002) reported a
time-dependent increase of reactive nitrogen species (RNS: NOx)
in BAL cells harvested from the exposed rats (Figure 12(A)).
These increases continued even during post-exposure periods
as shown in Figure 12(B) (Porter et al. 2004).

A 2-year exposure to 250 mg/m> of TiO, produced cancer
in rats (Lee et al. 1985). When Bermudez et al. (2002)
exposed rats to the same TiO, concentration for 13 weeks,
83% of the BAL cells were neutrophils; 65% of BAL cells were
neutrophils even 1 year after the termination of TiO, expos-
ure. The small decrease in number of neutrophils was due to
the decreased TiO, lung burden. Rats exposed to a lower
concentration of TiO, had less neutrophils. Generally, the
lesions correlated with the severity of alveolar neutrophilia.
Levels of neutrophil oxidants increased with concentration
and exposure time in rats exposed to airborne LD
(Figure 10(B)). This pattern paralleled the histopathology and
levels of some of the BALF toxicity biomarkers.

As mentioned above, Auten et al. (2002) reported that neu-
trophils in hyperoxia-exposed neonatal rats caused lung
lesions and oxidative DNA damage. Blocking neutrophil
recruitment prevented lung lesions and oxidative DNA dam-
age. All these data suggest that a persistent presence of
neutrophils, or more accurately, neutrophilic oxidants
(Z[OxIne = 11 X [OxIny) or oxidative stress, is the driving force
or underlaying factor of the disease progression and carcino-
genesis. Saffiotti (1992) reported neutrophil influx in the rats
treated with crystalline silica study. Porter et al. (2004) showed
that once a threshold lung burden of silica is achieved (as in
the Saffiotti study) the number of alveolar neutrophils will
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continue to increase with time after exposure. In addition, the
oxidative DNA damage induced by neutrophils accumulates
with time, and errors in DNA repair processes increase as ani-
mals get older, resulting in increased tumor incidence with
time. This progressive disease pattern would not occur with
exposure to low concentrations of low-toxicity dust that do
not produce persistent alveolar neutrophilia.

3.10. Effects of dust particle size and role of alveolar
neutrophils in dust-induced lung diseases

3.10.1. Difference in neutrophil counts in rats exposed to
ns-TiO, and umTiO,

Rats chronically exposed to 10mg/m® of ns-TiO, (ps 15-
40nm) (Heinrich et al. 1995) or to 250mg/m* of pum-TiO,



(pigmentary dust, ps < 1 um) (Lee et al. 1985) developed
tumors and severe lesions in the lung that were not
observed in rats exposed to 50 or 10mg/m? pm-TiO,.
Understanding how ns-TiO, causes cancer in the lung
whereas coarser pigmentary particles (um-TiO,) at the same
exposure concentration (10mg/m?) did not produce cancer
and lesions could reveal why nanoparticles are more toxic
than the same mass concentration of micron-sized particles
of the same material. Bermudez et al. (2002, 2004) exposed
rats to 10mg/m® of ns-TiO, (ps 0.02 pum) or um-TiO,
(bs < 1 um) for 13 weeks and found that neutrophils
accounted for ~65% or ~3% of BAL cells, respectively, at the
end of the 13-week exposures. Rats exposed to ns-TiO, had
severe epithelial proliferative and metaplastic changes in
their lungs (dust burden = 11mg/g tissue), whereas rats
exposed to um-TiO, had no lesions (dust burden in the lung
= 7mg/qg tissue).

3.10.2. ns-TiO, has more particles and a greater surface
area than the same concentration of pumTiO, which
results in greater toxicity in the lung

Why does a 13-week exposure to ns-TiO, dust particles
give rise to so many neutrophils in the lung, whereas a 13-
week exposure to the same concentration of pm-TiO, dust
does not, as shown in the study of Bermudez et al. (2002,
2004)? Assuming the dust particles are spherical, for the
same dust mass, a 10-fold decrease in particle diameter
would result in a 1000-fold increase in the particle number
and 100-fold increase in total particle surface area.
Hypothetically, we can visualize the AECs that cover the
alveolar surface as squares on a checkerboard and the dust
particles as darts. Thus, many more ns particles (or darts)
would impact many more squamous AECs (or hits on the
checkerboard squares) than the same mass concentration
of micron-sized particles. More particle hits would stimulate
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more AECs to synthesize and release chemokines to recruit
more neutrophils (r). Oberdorster et al. (2005) reported that
the number of neutrophils in a rats’ lung was more closely
correlated with the total particle surface area than the mass
of the instilled dusts, i.e. the number of neutrophils
increased in direct proportion to the total surface area con-
tacted by the dust particles. Driscoll (1996) showed that
tumor incidence in dust-exposed rats correlated more
closely with total particle surface area than with mass of
the exposed dust (Figure 13).

3.10.3. When more ACEs are involved, more cytokines are
released, which recruit and activate more neutrophils,
leading to greater oxidative stress in the lung

Crushing a particle just 10-time smaller in diameter will pro-
duce 1000 fine particles and greatly increase total surface
area for particle—cell interaction, which would afflict many
more ACE cells. The ns-TiO, exposure afflicted more ACEs
than the um-TiO, exposure, leading to greater amounts of
cytokines being released in the lungs of ns-TiO, exposed
rats to recruit more neutrophils (7). A neutrophil in the lung
of a ns-TiO, exposed rat is subjected to more cytokines
(such as TNFa or IL-1p) prompting it to produce more oxi-
dants [Oxly, and proteolytic enzymes than a neutrophil
in the lungs of a um-TiO, exposed rat. These events lead
to greater oxidative stress in the rats exposed to ns-TiO,,
i.e. greater total oxidants from all the neutrophils
(Z[OXIne = 11 X [OxIny) (Figure 11). The greater level of
chronic oxidative stress derived from persistently recruited
neutrophils would explain why 2-year exposures to
10 mg/m? ns-TiO, rats resulted in a high incidence of cancer
and severe lesions (Heinrich et al. 1995), whereas rats
exposed to the same 10 mg/m> um-TiO, had neither cancer
nor lesions (Lee et al. 1985).
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3.11. Animal species differences in toxicological
responses between dust-exposed rats and hamsters

3.11.1. Macrophages are more effective in removing
particles from the lungs of hamsters than rats

The hamsters used in toxicology studies were introduced from
Syria. Their ancestors lived in arid or dry area burrowing their
homes/holes in the desert (Miedel and Hankenson 2015). It has
been speculated that the burrowing desert hamsters have
evolved to be more capable than rats in handling dust particles
in the lung (Creutzenberg et al. 1998). This would imply that
macrophages of the desert-dwelling hamster are more capable

or efficient than rat macrophages in clearing dust particles from
the lung. Bermudez et al. (2002) exposed hamsters and rats to
the same concentrations of pigment-grade TiO, (10, 50, and
250 mg/m?3) for 13 weeks. At the end of the 13-week exposure,
the lung burden (dust per gram dry lung tissue (g-dit)) of the
rats and hamsters exposed to 250mg/m’ were 120 and
114mg/g, respectively. However, 13 and 45 weeks after the
exposure, the lung dust burden in rats were 98 and 95 mg/g,
respectively, whereas the corresponding values in hamsters
were 30 and 5 mg/g. For the 50 mg/m? TiO, exposure, dust bur-
dens in the rats’ lungs 0, 13, and 52 weeks after the exposure



were 46, 34, and 24 mg/g, respectively; the corresponding values
for hamsters were 15, 1, and 0 mg/g (Figure 14(A)). These data
indicate hamsters are more efficient in clearing particles from
the lung and suggest exposure to the same concentration of
dust induces sustained neutrophilic inflammation in rats leading
to lung disease, but not in hamsters.

3.11.2. Hamster macrophages are more effective than rat
macrophages in removing particles, resulting in less lung
injury in the former

Saffiotti (1992) conducted a species comparative carcinogen-
esis study by intratracheally instilling 20mg of silica into
each hamster and 12 mg into a rat. The hamsters were exam-
ined 12 months after the bolus instillation, and no cancer
was found, whereas the 11 of the 37 rats had tumor. The
author concluded that, in hamsters, “silica was extensively
phagocytized by pulmonary macrophages (as in the other
species), but very little if any evidence appeared of the toxic
effect of silica on the macrophages... absence of macro-
phage necrosis, ... No significant amount of fibrosis ... The
adjacent epithelium generally remained unaffected, and no
significance of persistent epithelial hyperplasia was found.”
The author stated that there were no lung tumors in the
Fe,Os treated rats. Fe,05 was probably used as low-toxicity
reference dust in the rat study. Neutrophilic inflammation
was observed in the lung of the silica-exposed rats. Saffiotti
(1992) did not report seeing neutrophils in the lung of ham-
sters and stated “only a moderate lymphocytic reaction was
occasionally seen, little progression occurred over a period of
12 months . ... The adjacent epithelium generally remained
unaffected.” The findings that the particles were extensively
taken up by macrophages with apparently little to no neutro-
phil recruitment does not support the postulation that mac-
rophages are the key lung cells that produce chemokines to
recruit neutrophils.

3.11.3. Particle burden in the lung and the role of neutro-
phils in species-specific differences in pathogenesis
3.11.3.1. Rats exposed to very high concentrations of TiO,
had more alveolar neutrophils than hamsters and neutro-
philia persisted in rats’ lungs after the termination of dust
exposure. A 2-year exposure to 250 mg/m?® of TiO, induced
cancer in rats (Lee et al. 1985). Bermudez et al. (2002) con-
ducted an inhalation toxicity study in rats and hamsters using
the same concentrations of this pigmentary TiO, to investi-
gate species-specific differences in dust-induced pathogen-
esis. The study showed that neutrophils accounted for ~83%
(31.8 x 10° and 58% (19 x 10° of the BAL cells in rats and
hamsters, respectively, at the end of a 13-week exposure to
250mg/m>® pum-TiO,. Neutrophils still accounted for about
65% of BAL cells in rats, relative to 5% in hamsters (control
3%), 1 year after the termination of dust exposure.

3.11.3.2. After exposure to the same concentration of
TiO,, rats had more particles and neutrophils in their
lungs than hamsters. Thirteen and 48 weeks after the 13-
week subchronic exposure of 250 mg/m? of TiO,, the TiO, bur-
den in hamsters’ lungs was ~52mg/g-dlt and ~10mg/g-dlt,
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respectively. The corresponding values for rats were ~98 mg/g-
dit and ~90mg/g-dit. One year after the termination of dust
exposure, neutrophils still accounted for about 65% of rats’ BAL
cells, relative to 5% in hamsters (control 3%) (Figure 14(B)). The
severity of pulmonary lesions correlated with the particle burden
and number of neutrophils in the lungs. After a 13-week expos-
ure to 50 mg/m?* of TiO,, the TiO, burden in the lungs of the
hamsters and rats was 15 mg/g-dlt and 47 mg/g-dlt, respectively
(Figure 14(A)), and the average number of BAL neutrophils in
hamsters and rats were 6% and 66%, respectively (Figure 14(B))
(Bermudez et al. 2002). These data show that after exposure to
the same concentration of TiO,, hamsters had less TiO, burden,
less neutrophils, and less toxicity in their lungs than the rats. The
data from Bermudez et al. (2002) and Saffiotti (1992), described
in the preceding two sections, suggest that the desert-dwelling
hamsters’ macrophages are more efficient than the rats’ macro-
phages in phagocytizing the dust particles, removing them from
alveolar epithelium, and ridding them from the lung. Less TiO,
particles on hamsters’ AECs would trigger less chemokines being
released to recruit neutrophils.

3.11.3.3. Rats had more neutrophils in their lungs than
hamsters after exposure to the same concentration of CB.
Elder et al. (2005) exposed rats and hamsters to 50 mg/m3 of
ns-CB for 13 weeks and found that neutrophils accounted for
48% and 15% of the BAL cells from these animals, respect-
ively. The authors noted that hamsters exhibited much less
toxicity than the rats. Carter and Driscoll (2001) and Seiler
et al. (2001) also reported that rat lungs had more neutro-
phils than the hamster lungs after instillation with compar-
able doses of quartz, and the number of neutrophils
correlated with pulmonary lesions.

3.11.4. Species-specific differences in oxidative contents of
alveolar neutrophils

Carter and Driscoll (2001) measured biomarkers of toxicity,
including the number of neutrophils, and the level of ROS
and RNS in BALF samples isolated from rats and hamsters
seven days after the animals were instilled with 0.2, 2, or
20 mg of quartz (Figure 15). From their data (Figure 15(B)), it
can be calculated that the rat/hamster ratios of nitric oxide
(an index of RNS) generated by 10° BAL cells were ~3.0,
~8.5, and ~8.3, for the 0.2, 2, or 20mg doses, respectively.
The rat/hamster ratio of superoxide anions (an index of ROS)
was ~2 for all three quartz-dosed groups. As discussed
above, Driscoll, Deyo, et al. (1997) showed that, in ITI dust-
exposed rats, alveolar neutrophils generated 2.5 times more
oxidants than macrophages on a per cell basis. The differ-
ence in levels of RNS and ROS in the lungs of dust-exposed
rats and hamsters could help explain the species differences
in response to particulates.

The higher levels of oxidants [Ox]y, found in rats could
partially explain why the BALF LDH concentrations (an index
of pulmonary toxicity) (Figure 15(A)) were higher in rats
(302 U/L) than the hamsters (87 U/L) after the animals were
instilled with 20mg TiO,. The macrophages of rats and ham-
sters did not have time to clear the particles out of the lung
during the seven days of observation after the acute bolus
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in BAL cells collected from rats and hamsters seven days after they were instilled with saline, or quartz (at 0.2, 2.0, or 20 mg). N = 4-6 animals. Data courtesy of Dr.

Driscoll (Carter and Driscoll 2001).

was instilled: therefore, the average number of BAL neutro-
phils (1) in the rats (34.8 million) was not substantially differ-
ent from that of the hamsters (29.5 million). The overall
results show that the toxicity depends on the number of
neutrophils (1) as well as their oxidant content per cell
([OxInw), that is, all the neutrophilic oxidants (3 [OxInu X #).
The above studies (Bermudez et al. 2002; Elder et al.
2005) show that the same inhalation-exposure concentra-
tions or same/comparable ITI doses of test dusts induced
a greater influx of neutrophils () into the rat lung than
the hamster lung, coupling with greater oxidant (ROS and

RNS) production per neutrophil ([Ox]y,) (Carter and
Driscoll 2001). The products of these two neutrophilic bio-
markers (1 x [Oxlyy), i.e. the total neutrophil-derived oxi-
dative stress (=X[OxInyy = 1 X [OxIny), could explain why,
when rats and hamsters inhaled dust of micrometer sizes
(such as quartz, talc, or diesel particles) or nano sizes (CB
or TiO,) at the same concentrations and for the same
durations or were ITI with comparable doses, the rats sus-
tained more severe lesions and lung cancer (Saffiotti 1992;
NTP 1993; Heinrich et al. 1995; Bermudez et al. 2002,
2004).



3.12. Neutrophilia induced by patrticle-inflicted AECs
leads to lung pathogenesis in dust-exposed rats

In the 5-dust ITI lung biomarkers study (BAL cells assessed 1
and 4 weeks after the dust exposure) and 4-week LD inhal-
ation study (BAL cells assessed one day and 1, 4, and 13
weeks after exposure), the oxidant production by BAL cells
was measured. The data of both studies, reported here, show
time-dependent increases in [Ox]n, and X[Ox]n, (Figures 2-4
and 6-8). At the onset of dust exposure and before the
inflammatory responses are substantial, the insults to AECs
are produced predominately by dust particles. The macro-
phages, the antioxidants, and protective enzymes keep the
particle-induced toxicity in check and prevent it from going
beyond a threshold level. The macrophages are capable of
phagocytizing dust particles and apoptotic neutrophils as
part of the defense process. Even if macrophages fail to
phagocytize some dying neutrophils, which results in oxidant
release, the low levels of neutrophilic oxidants are neutralized
or destroyed by the antioxidants.

With prolonged dust exposures or greater concentrations
of dust, particles on the alveolar surface exceed the amount
that can be removed by macrophages. When the threshold
has been exceeded, more particles interact with the AECs
resulting in greater release of cytokines to recruit and acti-
vate neutrophils, which produce excessive oxidants that over-
whelm the antioxidant defense. The unphagocytized dead
neutrophils then release oxidants, proteolytic enzymes, and
other inflammatory products, adding further injury to AECs.
The particle-inflicted damage to AECs and the cytokines
released by AECs are amplified by the demise of recruited
short-lived neutrophils.

As exposure progresses, necrotic neutrophils add yet
another insult to the lung epithelium, which is already over-
burdened by the dust particles. This further amplifies release
of cytokines from AECs. This release of more cytokines leads
to recruitment of more inflammatory cells in the lungs of rats
heavily exposed to dust. Incoming neutrophils are activated
by increased levels of cytokines to produce more oxidants.
Thus, the product (X[Ox]ny) = # x [Ox]nd) increases with
exposure concentration and exposure duration. Driscoll,
Deyo, et al. (1997) reported that BAL cells harvested from
rats 15 months after they were instilled with quartz, CB, or
TiO, showed dose- and dust-dependent increases in the
number of neutrophils (1) and oxidants per neutrophil (i.e.
Qz-[OxIny > CB-[OxIny > TiO»-[OxXlny). In other words, the
lungs of quartz instilled rats had the highest total neutrophil-
derived oxidative stress (=X[Ox]yy = 7 X [OxIno) and TiO,
had the least. During persistent particle-induced inflamma-
tion, continuous release of oxidants from neutrophils could
lead to excessive cell damage resulting in lung lesions, muta-
genesis, and carcinogenesis, as shown in the rats (Figure
2(B)) (Driscoll 1996; Driscoll, Deyo, et al. 1997).

3.13. Thresholds and non-linear dose responses in
toxicity — relationship with neutrophilic oxidants

As discussed above, dust-induced lesions in the lungs can be
attributed mainly to the oxidative stress (or X[Ox]y,) derived
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from neutrophils. The profiles of Z[Ox]y, in the lungs of rats
inhaling LD for 4 weeks and assessed 1 d, 1 week, 4 weeks,
and 13 weeks thereafter are shown in Figure 8. When the
2[Ox]ny levels shown in Figure 8 were plotted against the LD
exposure concentrations on a logarithmic scale (like Driscoll’s
cancer incidence curve; Figure 13, Driscoll 1996), we obtained
a hockey stick like curve with a threshold (Figure 10(B)).
Figure 10(B) identifies that the point of departure or thresh-
old for Z[Ox]y, occurs in the region between 4 and 7mg/m3.
Histopathological and biomarker assessments of the LD inhal-
ation identified 6.8 mg/m?® as the NOAEL or threshold, which
was used for establishing a NASA LD exposure limit (Lam
et al. 2013). Figures 8 and 10(B) also show increases in
2[Ox]ny With time and duration of exposure to the two LD
concentrations (20.8 and 60.6 mg/m®) that produced lung
lesions, which progressed over time after the 4-week inhal-
ation exposure (Lam et al. 2013).

It is well established that mutations can lead to cancer.
When Diriscoll, Deyo, et al. (1997) plotted mf induced in AECs
against the percentage of neutrophils in BAL cells, they
obtained a hockey stick like curve (Figure 2(B)). Because alveolar
neutrophils in the high-dose group were more oxidatively
mutagenic per million cells (i.e. produced more oxidants per
cell) than neutrophils in the low-dose group, the hockey stick
like curve (Figure 2(B)) of mf vs. neutrophil percentage or num-
ber (1) in BALF did, in fact, reflect mf vs. the total oxidants pro-
duced by the neutrophils (i.e. n x [Ox]yy or Z[Ox]ny). Driscoll,
Deyo, et al. (1997) concluded that the non-linear relationship
between mf and inflammatory cells, particularly neutrophils,
is concordant with the relationship between tumorigenic
responses and particle-induced inflammation in the rat lungs.

The NIOSH rat silica studies discussed above also showed
that increases in RNS, number of neutrophils, and fibrosis with
the duration of exposure illustrate the hockey stick like curves
with thresholds in response (Figure 12) (Castranova et al. 2002;
Porter et al. 2004). Morrow et al. (1996) noted that in chronic
and heavy dust-exposed rats, neutrophil inflammation, and
fibrosis occur before tumorigenesis. Driscoll (1996) reported
that the dose-response curve of the combined tumor inciden-
ces in rats that chronically inhaled several relatively inert PSPs
(CB, um-TiO,, diesel, talc, and toner) was also nonlinear with a
hockey stick like shape that was “consistent with the existence
of a threshold” (Figure 13).

The reason why the shape of toxicity curves (Figures 2(B),
10(A,B), 12(A,B) and 13) like a hockey stick with a threshold
is that the toxicological outcomes depend not only on
neutrophil count (1) but also the oxidant per neutrophil
[OX]nu. The product of these two neutrophil biomarkers
(Z[OxIny = 1 X [OxInu) represents the total neutrophilic oxi-
dants or oxidative stress in the lung

3.14. Risk assessment of dust exposures in humans, and
neutrophils in human lung diseases

3.14.1. Alveolar neutrophilia is commonly seen in human
lung diseases

Alveolar neutrophils play a pivotal role in pathogenesis and
carcinogenesis in dust-exposed rats. Humans also have



472 (&) C-W.LAM ET AL.

increased numbers of neutrophils in their lungs after expos-
ure to airborne oxidative pollutants or PM, and neutrophil
infiltration is associated with human lung diseases. In a study
of patients with chronic obstructive pulmonary diseases,
Quint and Wedzicha (2007) stated, “... If neutrophils are not
cleared efficiently by apoptosis impaired phagocytosis
leads to decreased neutrophil clearance and increased sec-
ondary necrosis.” This statement is similar to a comment
made by Warheit and colleagues that apoptotic cells pro-
gressed into necrotic cells in the lung of dust-exposed rats
(Zhang et al. 2002).

Strzyz (2017) noted, “apoptosis can progress to secondary
necrosis if apoptotic cells are not efficiently removed by
phagocytic cells.” The harmful effects of necrotic cells have
been pointed out by Arandjelovic and Ravichandran (2015)
that “Failures in clearing apoptotic cells at early stages of
death and their progression to a secondary necrotic state can
induce tissue inflammation due to the release of cellular con-
tents or exposure of otherwise sequestered intracellular
moieties.” With respect to the harmful effects of neutrophils,
Iba et al. (2013) summed up and stated, “Neutrophil necrosis
is probably one of the major causes of tissue damage during
infection.” In a review article on the role of neutrophils in
common human respiratory diseases, Liu et al. (2017) con-
cluded that “there are still many unanswered questions on
the role of neutrophils in lung cancer, pulmonary fibrosis,
cystic fibrosis, bronchitis, and bronchiolitis.” It is noteworthy
that many human lung diseases are caused by exposure to
airborne pollutants and are associated most consistently with
PM (Dockery et al. 1993; Pope et al. 2002; Krewski et al. 2003;
Laden 2019). The results of our studies of dusts described
here may help delineate how neutrophils promote or cause
these human lung diseases.

3.14.2. Patients who have idiopathic progressive pulmon-
ary fibrosis also have pulmonary neutrophilia and a high
incidence of cancer

A study of 18 patients with idiopathic progressive pulmonary
fibrosis (IPF) showed that neutrophils accounted for 0.2-
42.6% (mean 9.8%) of their total BAL cells, fibrosis worsened
in patients who had higher percentages of neutrophils
(>10%) and/or eosinophils (>5%) (Haslam et al. 1980). The
results of an epidemiology study in United Kingdom showing
a fivefold increase in lung cancer in IPF patients compared
with the general public led the authors (Le Jeune et al. 2007)
to conclude that, “This study provides further evidence for a
marked increase in the incidence of lung cancer in people
with IPF.”

3.14.3. Patients with cystic fibrosis also have pulmonary
neutrophilia and a high incidence of cancer

Cystic fibrosis is a genetic, chronic disease characterized by
increasing airway obstruction and neutrophilic inflammation.
Because the AECs in the lungs of CF patients contain mutant
genes, these abnormal lung parenchymal cells release sus-
tained, elevated levels of proinflammatory cytokines (most
notably IL-8) that recruit an abundance of neutrophils

(Eidelman et al. 2001; Bodas and Vij 2010). Infants with CF
who had no infections had elevated levels of IL-8 and neutro-
phils in their BALF samples (Khan et al. 1995). As noted in a
review of CF by Jacquot et al. (2008), “Activated neutrophils
present in airways produce large amounts of proteases and
reactive oxygen species (ROS).” The massive neutrophil influx
results in an increased release of oxidants and proteolytic
enzymes that eventually lead to fibrosis (Eidelman et al.
2001; Hector et al. 2014). Rousset-Jablonski et al. (2022)
reported that the lung cancer incidence in persons with CF
(including those with lung transplants) was 40-fold (fourfold
without lung transplants) higher than the French general
public in the years of 2006-2017. The persistently high neu-
trophil influx contributes to ROS and elevated proteases in
the lung that lead to progressive fibrosis in IPF patients and
CF patients that eventually lead to cancer. This is similar to
neutrophil-mediated pathogenesis and fibrosis in rats that
are heavily exposed to dusts.

3.15. The mechanisms of pathogenesis of lung disease
in humans and rats are similar

In a review article, Wynn (2011) of NIH’s National Institute of
Allergy and Infectious Diseases, noted that the initial involve-
ment of proinflammatory cytokines IL-1B, TNFa, CXC chemo-
kines, and TGF-B1 led to the recruitment of neutrophils that
can quickly evolve to a progressive fibrosis. The author fur-
ther stated, “recruitment of neutrophils to the BAL is an
important predictor of early mortality in IPF patients.” As
noted above, IPF patients and CF patients have a high inci-
dence of fibrosis and cancer.

With respect to the disease process in rats that were
chronically exposed to PSP, Morrow et al. (1996) pointed out
tumors were observed only at exposure levels that resulted
in a pronounced (neutrophilic) inflammatory and fibrotic
response in the lung. Apparently, similar mechanisms of
pathogenesis of lung disease in humans and rats occur if
prolonged insults to the lung lead to severe pulmonary neu-
trophilia that progresses to fibrosis and eventually cancer. It
is noteworthy that the mechanisms that occur in rats that are
chronically exposed to high concentrations of a low-toxicity
PSP that overwhelm the lung’s dust clearing ability and anti-
oxidant capacity would not operate in humans or rats that
were sporadically exposed to low concentrations of PSP that
do not trigger excessive neutrophil influx in the lung.

3.16. Risk assessment of dust exposure in humans -
choice of suitable animal model in dust studies

Humans are exposed to PM that includes combustion partic-
ulates in the environment and occupational exposure to
dusts such as CB, talc, silica, TiO,, and other PSPs. Bermudez
et al. (2002) noted, “Findings of fibrosis, bronchoalveolar
hyperplasia, metaplasia, and pulmonary tumorigenesis follow-
ing exposures to high doses of PSP for long periods of time
appear to be unique to the rat relative to other rodent spe-
cies.” Mauderly (1997) pointed out that rats are more sensi-
tive to particle-induced carcinogenesis than Syrian hamsters,



and thus the use of hamsters for carcinogenicity assays could
yield “false negatives”. On the other hand, Borm et al. (2004)
pointed out that “the rat is a particularly sensitive species to
oxidative injury, whereas the hamster has been suggested to
be more like humans in its antioxidant defense and oxidant
generation ... ". Saffiotti (1992) postulated that “each of these
animal models may represent a subset of the human popula-
tion, with subjects at different levels of susceptibility to either
pneumoconiotic disease or lung cancer.” In a recent com-
mentary article, containing the pooled opinions of 27 envir-
onmental health experts, Borm and Driscoll (2019) reported
no consensus regarding the applicability of using rats
exposed to high doses of PSP to assess human risk.
Subsequently, a workshop was held in Edinburgh, Scotland in
2019 to address the topic of PSP, rat lung cancer, and human
risk (Driscoll and Borm 2020), and the consensus of the
experts was “rat lung cancer occurring only under conditions
of lung particle overload does not imply a cancer hazard for
humans under non-overloading conditions”.

The overall results of dust studies by Bermudez et al.
(2002, 2004) (TiO,), Elder et al. (2005) (CB), Driscoll, Deyo,
et al. (1997) (TiO,, CB, Qz), Carter and Driscoll (2001), and
Seiler et al. (2001) show that after exposure to comparable
doses of ITI dusts or inhalation exposure to the same concen-
trations of a test dust, neutrophil infiltration () in the lung
was more severe in rats than in hamsters. Carter and Driscoll
(2001) showed that when these species were exposed to the
same concentrations of quartz, the oxidant levels (ROS and
RNS) in the same number of neutrophils were 2-8.5 times
higher in rats that in hamsters. As pointed out above, the
oxidative stress in the lung is mainly attributed to neutrophils
and therefore, can roughly be expressed as oxidative
stress = Z[Ox]yy = [OxInu X 7. These findings indicate that
values of [Ox]y, and numbers of neutrophils (1) are higher in
rats than hamsters exposed to the same dust concentration.
Thus, the greater oxidative stress or X[Ox]y, in the rat lung
would explain why rats are more sensitive than hamsters
exposed to the same concentration of dust, because the
number of neutrophils and their oxidant levels in the lungs
appear to dictate the course of pathogenesis.

Perhaps Syrian golden hamsters, which have been living in
the dusty desert for millions of years, have evolutionarily bene-
fited from more macrophages than rats or a greater ability of
these macrophages to remove particles from their lungs
(Figure 14(A)) (Bermudez et al. 2002). Alternatively, the AECs of
the desert burrowers may be more accustomed to or tolerant
to inhaled PM and synthesize less chemokines to recruit fewer
neutrophils. If indeed these postulated adaptations to a dusty
environment have occurred (Creutzenberg et al. 1998), this
may be a basis for asserting that hamsters are a less suitable
model for assessing risk to humans from dust exposures.

3.17. Risk to humans from exposure to low
concentrations of dust extrapolated using data from
animals exposed to high concentrations of dust

When animals are chronically exposed to high concentrations
of low-cytotoxicity PSPs, the large number of inflicted AECs
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will constantly release elevated levels of cytokines to recruit
and activate a substantial number of neutrophils. Above a
threshold, prolonged inflammation, oxidant stress, and dam-
age progress to pathogenesis. Although less AECs are
affected during exposures to lower concentrations of more
cytotoxic dusts (such as quartz), the injury and intensity of
the response of the individual AECs will be greater; subse-
quently a greater release of cytokines leads to recruitment
and activation of a large number of neutrophils at lower
doses. If the induced response is above the threshold for
inflammation and oxidant stress, it may progress to lung
injury, epithelial hyperplasia, fibrosis, and, under extreme
conditions, cancer. However, when animals are exposed to
low concentrations of low-cytotoxicity dusts, or a very low
concentration of highly toxic dust, macrophages can phago-
cytize the relatively low numbers of particles and the neutro-
phils as they undergo apoptosis, resulting in a level of
inflammation and oxidant stress below a threshold, allowing
repair and recovery. The dust-induced cancer data compiled
by Driscoll (1996) and the X[Ox]y, data presented here
(Figure 10(B)) show dose-response curves consistent with the
existence of a threshold (a hockey stick like dose-response
curve) indicating low-dose dust exposures produced little or
no injury. Exposures for prolonged periods to high or toxic
levels of dusts can produce severe and persistent pulmonary
inflammation characterized by high neutrophil influx leading
to severe lesions (including cancer). As was the conclusion at
the 2019 Edinburgh Workshop on the hazards and risks of
poorly soluble low-toxicity particles, such animal data would
very likely over-predict the risks to humans exposed to these
dusts at much lower concentrations and non-overloading lev-
els (Driscoll and Borm 2020; Driscoll 2022). Results of studies
on PSPs using bolus high ITI doses that overwhelm dust
clearance and produce persistently high neutrophil inflamma-
tion have little value for human risk assessment. Exposure
limits on dusts and other airborne PM should set at levels
that avoid overwhelming the capacity of macrophages to
phagocytize and clear dust particles (Morrow 1988), thus, pre-
venting neutrophil-derived oxidants and proteases from
reaching levels exceeding the lung’s defense capacity.

4, Conclusions

4.1. A proposed pathogenic mechanism associated with
particle-induced lung injury

Upon review and assessment of the results of the LD and
numerous other studies, we propose a general mechanism
by which particles cause pathological changes in the lung.
The genomic and molecular events induced by particle expo-
sures are presented in Figure 11. The mechanism of patho-
genesis of lung diseases is depicted in Figure 16. After
entering the lung, respirable dust particles build up on the
alveolar epithelium. The unphagocytized particles stimulate
or interact with AECs (e.g. binding to scavenger receptors);
toxic particles such as quartz, can cause irritation or damage
to the cells in situ. The inflicted AECs, through signaling cas-
cades, augment their gene expression machinery to increase
cytokine production, as detected in the lung tissues of LD-
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Mechanism of Particle-Induced Pathogenesis in the Lung of Exposed Animals
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Figure 16. Diagram illustrating a proposed mechanism of particle-induced pathogenesis and carcinogenesis in the lungs that is mediated by epithelial cells and
neutrophils. Sequence of events leading to dust-induced pathogenesis: (1) particles enter the alveoli and deposit on alveolar epithelial cells (AECs, light blue), caus-
ing some irritation or injury. (2) The dust-inflicted AECs turn on gene processes that produce elevated levels of cytokines, which recruit blood leukocytes (chiefly
monocytes (brown#) and neutrophils (orangex) to the airspaces. Some of the cellular mediators are also released by resident alveolar macrophages (AM or Mo,
greenx). (3) The incoming leukocytes, especially neutrophils, are activated by cytokines to increase their oxidant levels; monocytes become activated macrophages
(AM, green#) and neutrophils become activated neutrophils (red=). (4) Neutrophils are short-lived; apoptotic neutrophils and dust particles are phagocytized by
AMs. (5) In animals exposed heavily to dust, AMs are overloaded with particles. Some of the dust-laden and dead AMs cannot leave the lung; they aggregate to pro-
duce granulomas. (6) The unphagocytized apoptotic neutrophils undergo necrosis (marked with x) and eventually release their oxidants and harmful enzymes onto
the alveolar epithelium. (7) Some oxidants are destroyed by antioxidants and protective enzymes. (8) Oxidants and proteases released from neutrophils damage
AECs. (9) If particles are below a threshold level, they can be removed by AMs and the inflammatory/damage cycle ends leading to repair. Above a threshold dust
burden, persistent and chronic neutrophilic inflammation causes lung lesions to progress with time. (10) Fibroblasts proliferate on the wall of damaged epithelial
areas, resulting in fibrosis. (11) Persistent and chronic oxidative damage to AECs can cause proliferation of type Il AECs; some of these cells may eventually undergo

hyperplasia, metaplasia, and, in the worst case, carcinogenesis.

treated rats (Figure 10(A)). Chemokines released by AECs
recruit inflammatory cells (AMs and neutrophils) to the loca-
tions of injury, where they further contribute to the inflam-
matory response. Some cytokines (such as those detected in
BALF; Figure 9(A,B)) activate the recruited cells to increase
oxidant (Figure 11) and proteolytic enzyme production. The
greater the cytotoxicity of the particles and the higher the
concentration of dust, the more AECs are afflicted, the more
neutrophils are recruited, and the more oxidant stress and
damage are incurred. With continued exposures, the cycle
continues. Each incoming neutrophil is subjected to collect-
ively greater cytokine activation signals in the lung to pro-
duce more oxidants and proteases.

Neutrophils are short-lived, and dead neutrophils would
normally be phagocytized by macrophages. When the dust
particles in the lung are below a threshold level, macro-
phages can remove them, and antioxidants effectively pro-
tect the lung. Above a threshold lung burden, macrophages

can no longer clear all particles and the dead neutrophils.
The release of harmful products from dead neutrophils
together with production of oxidants from newly recruited
neutrophils overwhelm the antioxidants and the protective
enzymes in the lung, leading to lung damage (Figure 16).
When large numbers of particle-laden macrophages are
unable to leave the lungs, they cluster to form granulomas
or giant cell aggregates. The live macrophages release cyto-
kines while dead macrophages release oxidants and destruc-
tive cellular contents, causing localized damage and
recruitment of more neutrophils. Therefore, above a dust bur-
den threshold, a cycle of AEC insult and inflammatory cell
recruitment and oxidant production cause proliferation and
activation of fibroblasts, leading to an increase in collagen
production to wall off local injury. The significant and persist-
ent increase of connective tissue manifests as fibrosis. The
damage or death of type | AECs leads to regenerative prolif-
eration and hyperplasia of type Il AECs, and in severe cases,



type Il AEC metaplasia and eventually cancer. Driscoll, Deyo,
et al. (1997) showed dose-dependent and dust-dependent
increases in the number of alveolar neutrophils (1) and oxi-
dants (per cell, [Ox]nu) in neutrophils harvested from dust-
exposed rats. The oxidants released from the neutrophils in
situ induced mutations in the type Il AECs of these rats
(Figure 2). It is well known that mutations can lead to cancer
(Driscoll 1996).

Thus, the extent of insult to AECs and the magnitude and
persistence of neutrophilic recruitment and subsequent oxida-
tive stress collectively reflect the toxic properties of the dust
and the exposure dosimetry (the magnitude of the dose or
concentration and the duration of exposure). Toxic quartz
reaches a threshold at a relatively low lung burden, whereas
the threshold for a low-toxicity dust, such as TiO,, is reached
at a higher lung burden. Species-specific responses to a given
dust in the lung reflect different degrees of particle-induced
neutrophil recruitment and oxidant generation, which result in
different susceptibility to pneumoconiosis. Furthermore, these
concerted responses of AECs and neutrophils illustrate why
nanoparticles, by virtue of greater number and greater surface
area per unit mass, are generally more toxic than micrometer-
sized particles in the lungs, and how quartz produces more
lesions than TiO,. As neutrophils die, they cause more damage
to AECs that, in turn, causes the AECs to recruit more neutro-
phils. This cycle of AEC damage, neutrophilic recruitment, oxi-
dant production, and injury explain why dust-related human
fibrotic lung diseases (such as silicosis or progressive fibrosis)
sometimes worsen or progress with time even after the dust
exposure ended (Seaton 1983). The primary mechanism that
interrupts the disease process is the elimination of dust par-
ticles by dissolution and by macrophages. Antioxidants and
protective enzymes reduce the harmful effects of neutrophilic
products. However, high burdens of low-toxicity dust particles
or low burdens of high-toxicity dusts induce activation of cyto-
kines from AECs, neutrophil recruitment, and release of oxi-
dants by these recruited neutrophils, which overwhelms
antioxidant defenses. The persistent oxidative tissue damage
leads to lung disease.
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