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Evaluation of neural reflex activation as a potential mode of action for

respiratory and cardiovascular effects of fine particulate matter

Robyn L. Prueitt®, Cassandra J. Meakin®, Nicholas L. Drury® and Julie E. Goodman®

Gradient, Seattle, WA, USA; PGradient, Durham, NC, USA; “Gradient, Boston, MA, USA

ABSTRACT

Objectives: Mortality from respiratory and cardiovascular health conditions contributes largely to the
total mortality that has been associated with exposure to PM, s in epidemiology studies. A mode of
action (MoA) for these underlying morbidities has not been established, but it has been proposed that
some effects of PM, 5 occur through activation of neural reflexes.

Materials and Methods: We critically reviewed the experimental studies of PM, 5 (including ambient
PM, s, diesel exhaust particles, concentrated ambient particles, diesel exhaust, and cigarette smoke)
and neural reflex activation, and applied the principles of the International Programme on Chemical
Safety (IPCS) MoA/human relevance framework to assess whether they support a biologically plausible
and human-relevant MoA by which PM, s could contribute to cardiovascular and respiratory causes of
death. We also considered whether the evidence from these studies supports a non-threshold MoA
that operates at low, human-relevant PM, 5 exposure concentrations.

Results and Discussion: We found that the proposed MoA of neural reflex activation is biologically
plausible for PM,s-induced respiratory effects at high exposure levels used in experimental studies,
but further studies are needed to fill important data gaps regarding the relevance of this MoA to
humans at lower PM, s exposure levels. A role for the proposed MoA in PM, s-induced cardiovascular
effects is plausible for some effects but not others.

Conclusions: Further studies are needed to determine whether neural reflex activation is the MoA by
which PM, s could cause either respiratory or cardiovascular morbidities in humans, particularly at the
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ambient concentrations associated with total mortality in epidemiology studies.

Introduction

Particulate matter (PM) consists of a mixture of solid par-
ticles and liquid droplets that comprises the particle phase
of air pollution. PM is formed from a variety of natural and
anthropogenic sources, including industrial processes, motor
vehicles, fossil fuel combustion, burning of natural materials
(e.g. wildfires), crustal and biological material, and chemical
reactions of gaseous pollutants (e.g. sulfur oxides, nitrogen
oxides, ammonia) (US EPA 2019). The numerous potential
sources of PM result in a highly heterogenous chemical
composition and particle size distribution for PM across
locations and time periods.

PM is classified into different size fractions depending on
the aerodynamic diameter of the particles it contains. The
United States Environmental Protection Agency (US EPA)
evaluates exposures and potential health effects for three
main size fractions: PM;¢.,5, known as coarse PM, consists
of particles with a diameter of 2.5-10 pm; PM, 5, known as
fine PM, consists of particles with a diameter less than
2.5um; and ultrafine particles (UFPs), also known as nano-
particles, have a diameter of less than 0.1 pm. The toxicity

of PM depends on both its chemical composition and the
size of particles. US EPA (2019) reviewed the epidemiology
literature for each of the three main PM size fractions and
concluded that there is a causal relationship between short-
term (i.e.,up to one month) and long-term (i.e. one month
or longer) exposure to PM, s and total (nonaccidental) mor-
tality, based on positive associations of small magnitude
reported across many of the reviewed studies (Prueitt et al.
2021). Mortality from cardiovascular and respiratory health
conditions contributes largely to total mortality. US EPA
(2019) stated that positive evidence for the effects of PM, 5
exposure on cardiovascular and respiratory parameters in
experimental animal and controlled human exposure studies
and related morbidities in epidemiology studies (particularly
development and exacerbations of COPD and asthma, ische-
mic events, stroke, and heart failure) provides coherence
and biological plausibility for the relationship between
PM, 5 exposure and total mortality. US EPA (2019) also
stated that there is evidence to support a concentration-
response relationship for PM, 5 exposure and total mortality
that is linear without a threshold.
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A mode of action (MoA) is defined as a biologically
plausible sequence of key events (i.e. observable steps) at the
cellular, biochemical, or tissue level that result in a patho-
logical outcome (Meek et al. 2014b). Several MoAs have
been proposed for associations between PM, 5 exposure and
the underlying cardiovascular and respiratory morbidities
that contribute to cause-specific and total mortality, includ-
ing: (1) respiratory tract injury resulting in inflammation
and oxidative stress responses that lead to downstream
respiratory or cardiovascular effects, and (2) activation of
sensory nerves in the respiratory tract that trigger local
reflex responses and modulate the autonomic nervous sys-
tem (Watkinson et al. 2001; Schulz et al. 2005; Shannahan
et al. 2012; Perez et al. 2015 US EPA 2019; Bhatnagar
2022). In addition, proposed MoAs for associations between
PM,s and cardiovascular morbidities specifically include:
(1) effects on ion channel function in myocardial cells, and
(2) acceleration or exacerbation of atherosclerosis (Utell
et al. 2002; Emmerechts and Hoylaerts, 2012). Our previous
evaluation found that the MoA of acceleration or exacerba-
tion of atherosclerosis is a biologically plausible MoA in
experimental animal models, but the human relevance of
the key events in this MoA is unclear (Prueitt et al. 2015).

A proposed mode of action of neural reflex activation for
both respiratory and cardiovascular effects following PM, 5
exposure is shown in Figure 1. Inhalation of PM, 5 (particu-
larly the oxidative components) can activate sensory recep-
tors on the nerve terminals of fibers within the vagus
nerve,such as vagal C-fibers, leading to modulation of the
autonomic nervous system, includingthe triggering of reflex
responses in the respiratory tract that are intended to
decrease exposure to airway irritants (Undem and Sun 2020;
US EPA 2019). These reflex responses include cough, bron-
choconstriction, and shortness of breath (Perez et al. 2015),
and their activationcan result inother consequences in the
respiratory tract, such as airway inflammation and lung
function decrements, which may be linked to respiratory
morbidities such as asthma and exacerbation of COPD (US
EPA 2019). Activation of irritant receptors on sensory
nerves in the respiratory tract and modulation of the auto-
nomic nervous system can also affect cardiovascular
responses, with a shift toward increased sympathetic tone

PM, 5
(Oxidative components)

Respiratory effects
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Figure 1. Proposed mode of action of neural reflex activation for both respira-
tory and cardiovascular effects following PM, s exposure.

(Watkinson et al. 2001; Shannahan et al. 2012; Perez et al.
2015; US EPA 2019; Bhatnagar 2022). This type of shift can
induce changes in heart rate (HR) and heart rate variability
(HRV), increased blood pressure (BP), impaired vascular
function, conduction abnormalities, and arrhythmia, which
could lead to cardiovascular morbidities such as ischemic
heart disease (IHD), stroke, or heart failure (Watkinson
et al. 2001; Shannahan et al. 2012; Perez et al. 2015; US
EPA 2019; Bhatnagar 2022).

In this paper, we critically review the experimental stud-
ies of PM, 5 and neural reflex activation and assess whether
they support a biologically plausible MoA by which PM, 5
could contribute to cardiovascular and respiratory causes of
death. We also consider whether the evidence from these
studies supports a non-threshold MoA that operates at low,
human-relevant PM, 5 exposure concentrations.

Methods

We focused on identifying experimental studies that exam-
ined neural reflex activation in response to exposure to par-
ticles most relevant to ambient PM,s. These included
studies in experimental animals and humans with controlled
exposures, such as chamber studies, with direct vagal nerve
or respiratory exposures to ambient PM,s, concentrated
ambient particles (CAPs), diesel exhaust (DE), diesel exhaust
particles (DEPs), or cigarette smoke that evaluated the
effects of neural reflex manipulation on any type of respira-
tory or cardiovascular endpoint. Although DE and cigarette
smoke are mixtures that contain not only fine particles but
also gases, vapors, semi-volatile organic compounds, metals,
and elemental carbon that could affect some of the
responses to the mixtures (Fowles and Dybing 2003; Maricq
2007; Ris 2007; NTP 2016; Steiner et al. 2016), we included
studies with exposure to DE and cigarette smoke because
they contain high concentrations of PM,s and are major
contributors to ambient PM,s (Maricq 2007; Ris 2007;
Braun et al. 2019). Thus, these studies can still be inform-
ative for evaluating underlying mechanisms, particularly to
corroborate the results of studies that used exposures to par-
ticles alone.

We performed literature searches for studies published
through 26 October 2022, using PubMed and Scopus. We
used the search terms: ((((‘Particulate matter’ OR
‘particulate’ OR ‘particles’ OR ‘particulates’ OR ‘Particulate
Matter’[Mesh]) AND (2.5> OR ‘diesel’ OR ultrafine OR
“Ultrafine Particulate™[Text Word] OR ‘PM2.5’[Text Word]
OR ‘PM 2.5’[Text Word] OR ‘PM(2.5)’[Text Word])) AND
(Ccontrolled human” OR  ‘human challenge OR
‘Randomized Controlled Trial’ [Publication Type] OR
‘Randomized Controlled’[Text Word] OR animals OR rat
OR rats OR mice OR mouse))) NOT ((‘cross-sectional’ OR
‘longitudinal’  OR  ‘prospective’ OR  ‘Cross-Sectional
Studies’[Mesh] OR ‘Longitudinal Studies’[Mesh] OR
‘Prospective Studies’[Mesh]))) AND (‘sensory nerve®[tw]
OR ‘vagus nerve’ OR ‘vagal nerves’ OR ‘reflex response’ OR
‘neural reflex*’[tw] OR ‘C fiber’ OR ‘neural activation’ OR
‘reflexes’ OR ‘C-fiber’ OR ‘hypothalamic’ OR ‘neurogenic’



OR ‘nervous system’). We also identified additional studies
from the reference lists of relevant studies and review
articles identified in our searches, as well as from US EPA’s
most recent Integrated Science Assessment of Particulate
Matter (US EPA 2019).

We reviewed the identified studies, incorporating study
quality into the evaluation of the results, and applied the
principles of the International Programme on Chemical
Safety (IPCS) mode-of-action/human relevance framework
(Boobis et al. 2008; Meek et al. 2014a, 2014b) to evaluate
the plausibility and human relevance of the proposed MoA
of neural activation-induced changes in respiratory and car-
diovascular function following PM, s exposure. We identi-
fied the key events critical for the MoA and considered the
consistency, essentiality, temporality, and exposure-response
relationships of these key events, as well as the biological
concordance with other available evidence. In addition, we
assessed the relevance of the MoA to humans by examining
doses used in experimental animal studies and considering
key differences in these animal model studies with humans.
We also identified data gaps and sources of uncertainty for
the proposed MoA.

Experimental studies relevant to the mode of
action

Below, we evaluate the results of the studies we identified
that assess the involvement of neural reflex activation in the
respiratory and cardiovascular responses to PM, s exposure.
These studies were conducted in several different experi-
mental animal models (we did not identify any relevant
studies conducted in humans) and used various sources of
PM, s (e.g. DE, DEPs, CAPs, cigarette smoke). The studies
assessed whether activation of neural reflexes or sensory
nerve receptors associated with bronchopulmonary C-fibers
mediates the effects of PM, s by either (1) blocking neural
impulses and evaluating whether this attenuates or abolishes
the PM,s-induced responses or (2) activating neural
impulses and evaluating whether this increases the PM, s-
induced responses.

C-fibers are vagal neurons that are found in many per-
ipheral organ systems, including the smooth muscle cell
layer of the respiratory tract, and they conduct the majority
of afferent vagal input from the respiratory tract to the cen-
tral nervous system (Rogerio et al. 2011; Undem and Sun
2020). C-fibers in the respiratory tract can be activated by a
variety of stimuli, such as airborne irritants and mediators
of inflammation, which can trigger reflex responses such as
cough and shortness of breath (Canning et al. 2006;
Adriaensen and Timmermans 2011; Undem and Sun 2020).
These reflex responses are mediated by the release of neuro-
peptides (including substance P), which are released from
the activated C-fibers (Barnes 1996; Canning et al. 2006). In
experimental studies, neural impulses from bronchopulmo-
nary C-fibers can be blocked by surgically severing the left
and right vagus nerve (i.e. a bilateral cervical vagotomy) or
by perivagal treatment with capsaicin. Capsaicin is a neuro-
peptide-depleting agent and strong respiratory irritant that,

INHALATION TOXICOLOGY 127

when applied directly to the area of the vagus nerve at high
concentrations, inactivates C-fibers by stimulating massive
secretion and depletion of neuropeptides, blocking the abil-
ity of C-fibers to conduct an action potential (Lin et al.
2010).

Bronchopulmonary C-fibers can also be stimulated by
the activation of a specific family of neuronal receptors.
Transient receptor potential (TRP) channels are a family of
cation channels that act as environmental sensors for a var-
iety of tissues and physiological processes (Silverman et al.
2020). The subfamilies of TRP vanilloid (TRPV) and TRP
ankyrin (TRPA) channels are expressed on vagal neurons,
such as C-fibers, and initiate the activation of these neurons
when acted upon by endogenous and exogenous stimuli,
including electrophiles and reactive oxygen species (ROS)
(Robinsonet al. 2018; Xu et al. 2019; Undem and Sun 2020).
It is hypothesized that the TRPV1, TRPV4, and TRPAl
channels may be involved in neural reflex responses to irri-
tants in the respiratory tract that result in adverse respira-
tory and cardiovascular effects (Milici and Talavera 2021).
The role of TRP channels can be evaluated in experimental
studies by treatment with TRP channel agonists to activate
these receptors, or by treatment with TRP channel antago-
nists to block their activation.

Capsaicin is an agonist and potent stimulant of TRPV1
channels, such that systemic administration of capsaicin (as
opposed to perivagal application discussed above) activates
TRPV1 channels on C-fibers (Silverman et al. 2020). Other
activators of TRPV1 include bradykinin and acids (Canning
et al. 2006). Capsazepine (CPZ) is a TRPV1 antagonist
(Canning et al. 2006; Silverman et al. 2020), and various
other pharmacological agents serve as agonists or antago-
nists to specific TRP channels or entire subfamilies of these
channels. The studies reviewed below commonly employ
systemic administration of these types of agents, in addition
to vagotomy or perivagal capsaicin treatment, to evaluate
the role of neural reflex activation in PM, s-induced respira-
tory and cardiovascular responses.

Studies of respiratory effects with vagal nerve
manipulation

We identified two studies conducted in rats that used vagal
nerve manipulation via bilateral vagotomy to demonstrate
that vagal nerves are responsible for reflex responses to cig-
arette smoke and DEPs on bradypnea (abnormally slow
breathing rate), respiratory minute volume (RMV; the vol-
ume of air inhaled and/or exhaled in one minute), and lung
inflammatory response (See Table 1). These studies used
small numbers of anesthetized animals that were not ran-
domly selected nor weight-randomized into exposure groups
and used only one concentration of particles. In addition,
one of the studies used cigarette smoke, which is a mixture
of particles, gases, and vapors (Lin et al. 2010), as the expos-
ure and another used a non-physiological route of exposure
to the respiratory tract (intratracheal instillation) (McQueen
et al. 2007).
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Table 1. Experimental animal studies of respiratory effects with vagal nerve manipulation.

Respiratory Response Result of Vagal

Exposure Vagal Manipulation

Exposure

Exposure
Concentration

P value
< 0.05

to PM, 5 Exposure Manipulation

Route Technique

Duration

PM, 5 Exposure

N
9

Animal Model
Anesthetized

Reference

Prevention of
PM-induced increase

Increased RMV

Bilateral vagotomy

Intratracheal

Once

500 pug

DEPs

McQueen et al.

instillation

Wistar rats

(2007)

< 0.05

Prevention of
PM-induced increase

Increased BAL
neutrophilia
Increased bradypnea

< 0.05

Prevention of
PM-induced increase

6 mL of 100% Within 3 breaths Inhalation Bilateral vagotomy

6 Cigarette

Anesthetized

Lin et al.

cigarette smoke

smoke

SD rats
Notes. BAL: Bronchoalveolar Lavage; DEPs: Diesel Exhaust Particles; PM: Particulate Matter; RMV: Respiratory Minute Volume; SD: Sprague Dawley.

(2010)

Lin et al. (2010) exposed anesthetized rats to 6 mL of 100%
cigarette smoke vig inhalation, and recorded ventilatory
responses to 100% smoke before and after bilateral vagotomy.
Respiratory frequency and expiratory duration were measured
on a breath-by-breath basis. Cigarette smoke induced a bra-
dypneic response, with animals showing an abnormally slow
breathing rate and an increase in the apneic ratio (an index of
the magnitude of the bradypneic response). Bilateral cervical
vagotomy, serving to eliminate vagal reflexes, completely pre-
vented the bradypneic response.

McQueen et al. (2007) exposed anesthetized rats to
500 pg DEPs by intratracheal instillation once over a period
of 15s. A subset of animals wasbilaterally vagotomized prior
to instillation, and another subset of animals was vagotom-
ized 5min before the end of the experiment (i.e. 6h follow-
ing DEP instillation). Animals treated with DEPs with intact
vagus nerves had an increased RMV, reflecting an increase
in the volume of air inhaled and/or exhaled from the lungs,
and increased neutrophil counts in the lungs. The DEP-
induced increases in RMV and neutrophil counts were not
observed in animals bilaterally vagotomized prior to or 6h
after DEP treatment. Together, the results from the studies
by Lin et al. (2010) and McQueen et al. (2007) suggest that
elimination of vagal reflexes by severing of the vagus nerve
eliminates the reflex respiratory responses to cigarette smoke
and DEPs.

Studies of respiratory effects with pharmacological
pretreatment to inhibit or activate C-fibers

Several studies examined the effects of PM, 5 on respiratory
responses following pretreatment with one or more pharma-
cological agents to inhibit or activate C-fibers (See Table 2).
These studies used small numbers of animals, with most
evaluating only one exposure concentration of PM,s and
using non-physiological routes of exposure such as intratra-
cheal instillation, intranasal instillation, or direct exposure
of particles to the vagus nerve. Two studies used cigarette
smoke as the exposure (Bergren 1985; Lin et al. 2010) and
one study evaluated the effects of pharmacological pretreat-
ment on respiratory responses to a mixture of PM, s and
ozone, but not to PM, s alone (Lian et al. 2022). None of
these studies randomized animals into exposure groups
except for the studies by Wong et al. (2003) and Lv et al.
(2016).

In the study described above, Lin et al. (2010) exposed
anesthetized rats to 6 mL of 100% cigarette smoke by inhal-
ation and recorded the bradypneic response and activity of
C-fibers before and after perivagal capsaicin treatment (to
block conduction of the afferent vagus nerve fibers), pre-
treatment with the antioxidant N-acetylcysteine (NAC) to
counteract ROS, or intravenous injection of the TRPAIL
receptor antagonist HC-030031, the purinergic receptor P2X
antagonist iso-Pyridoxalphosphate-6-azophenyl-2’,5'-disulfo-
nate (iso-PPADS), or HC-030031 + iso-PPADS. P2X recep-
tors are ionotropic sensory receptors (i.e. ligand-gated ion
channels that open in response to the binding of a specific
neurotransmitter) that transduce signals from ROS in the
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lungs (Lin et al. 2010). The mean peak activity of C-fibers
in response to 100% cigarette smoke was significantly higher
than the activity in response to 50% cigarette smoke, but
the effects of the lower concentration of cigarette smoke on
bradypneic response were not evaluated. Exposure to 100%
cigarette smoke induced bradypnea and also stimulated C-
fiber activity within the same time lag as the bradypneic
response. Perivagal capsaicin treatment abolished the
cigarette smoke-induced bradypneic response, as did pre-
treatment with the TRPA1 and P2X receptor antagonists
HC-030031 and iso-PPADS. Both antagonists significantly
attenuated the neural activity of C-fibers in response to cig-
arette smoke exposure, and this activity was further reduced
by a combined treatment with HC-030031 and iso-PPADS,
indicating that TRPA1 and P2X channels mediate cigarette
smoke-induced C-fiber activity and bradypneic response.
Bradypnea and C-fiber activation were also both prevented
by NAC, suggesting ROS serves as a trigger for cigarette
smoke-evoked stimulation of C-fibers and the bradypneic
response.

In the other study described above, McQueen et al
(2007) exposed anesthetized rats to 500 g DEPs by a single
intratracheal instillation, with or without pretreatment of
animals with the muscarinic acetylcholine receptor
(mAChR) antagonist atropine. Atropine acts as a competi-
tive inhibitor against acetylcholine on structures innervated
by postganglionic parasympathetic nerves, and the authors
hypothesized that DEPs induce acute pulmonary inflamma-
tion through the action of mAChRs. Exposure to DEPs
increased the neutrophil count in the lungs and the RMV,
but pretreatment with atropine abolished these effects
(McQueen et al.2007). The authors also observed increased
airway neutrophils in conscious rats exposed to DEPs, and
this effect was reduced with pretreatment of the animals
with atropine. This study indicates that pharmacological
blockage of numerous receptor channels eliminates the C-
fiber respiratory responses to DEPs of increased lung neu-
trophil count and RMV, and these responses act through
mAChRs on parasympathetic nerves.

Wong et al. (2003) examined respiratory tract inflamma-
tion and plasma extravasation (i.e. edema from neurogenic
plasma leakage and a marker of neurogenic inflammation)
in rats exposed by inhalation to DE containing either
353+49ug/m>  (low dose exposure; LDE) or
632.9+47.6 pg/m> (high dose exposure; HDE) of DEPs
through a nose-only exposure chamber for 4h per day,
5days per week over 3weeks. A third group of rats was
exposed to diesel engine room air (with an unspecified con-
centration of DEPs), in which the rats were kept in their
airflow cages beside the DEP exposure setup and were
breathing room air. The authors hypothesized that DEP
exposure induces neurogenic inflammation in the respira-
tory tract that is mediated by substance P released from C-
tibers. Exposure to DEPs dose-dependently increased edema
in the extrapulmonary (i.e. bronchi) and intrapulmonary
(i.e. lung parenchyma) airways and exposure to HDE
increased alveolar macrophage counts in the lungs and sig-
nificantly reduced substance P protein expression in the
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lungs. Rats pretreated with an intraperitoneal dose of capsa-
icin (intended to stimulate C-fibers rather than ablate them)
showed loss of substance P protein, confirming the effi-
ciency of the capsaicin treatment, and also showed signifi-
cantly higher airway edema in response to DEP exposure,
indicating that C-fiber activation and substance P release
increased ~ DEP-induced  neurogenic  inflammation.
Surprisingly, capsaicin pretreatment significantly decreased
DEP-induced lung inflammation (i.e. number of particle-
laden alveolar macrophages) in the HDE group. Thus, while
capsaicin pretreatment exacerbated airway edema, indicating
a role for C-fiber activation in DEP-induced neurogenic
inflammation, capsaicin treatment also decreased lung
inflammation histopathology, leading the authors to con-
clude that DEP-induced lung inflammation cannot be sub-
stantially attributed to substance P release from activated
bronchopulmonary C-fibers.

Lv et al. (2016) recorded cough reflex sensitivity, airway
hyperpermeability, and tracheal and parenchymal lung
inflammation in guinea pigs exposed to either 80mg/kg
(low dose) or 320mg/kg (high dose) PM, 5 through nasal
instillation once per day for three weeks. The PM, 5 was col-
lected from ambient air across five urban or suburban sites
in Nanjing, China. PM, 5 exposure was associated with
increased cough reflex sensitivity (indicated by reduced
cough reflex threshold), mild to moderate and moderate-to-
severe airway inflammation (low dose and high dose,
respectively), increased airway hyperpermeability, and
increased substance P and TRPV1 protein expression in the
airways. Following exposure, a subset of guinea pigs was
microinjected with capsaicin (intended to stimulate C-fibers)
or the TRPVI1 receptor antagonist CPZ. Stimulation of C-
fibers by treatment with capsaicin induced a significantly
higher cough reflex sensitivity than in animals treated with
PM, 5 alone, and blockage of TRPV1 receptor activation by
CPZ resulted in significantly lower cough reflex sensitivity
(indicated by an increased cough reflex threshold) than in
animals treated with PM, s alone. CPZ treatment to high-
dose PM, 5 animals also relieved the PM, s-induced airway
inflammation and airway hyperpermeability (though there
were no statistical analyses of these results) and was associ-
ated with reduced substance P protein expression, whereas
capsaicin treatment was associated with increased substance
P expression in PM,s-treated animals. Collectively, the
results indicate that TRPV1 activation promotes the cough
reflex sensitivity, airway neurogenic inflammation, and air-
way hyperpermeability response to PM, s exposure.

Xu et al. (2019) measured airway hyperresponsiveness to
ACh challenge, airway resistance, lung inflammation, and
lung tissue ROS in mice exposed to 7.8 mg/kg PM, s via
intranasal instillation once per day for two days. The PM, 5
was collected from ambient air in an urban district in
Shanghai, China. PM, s instillation significantly increased
bronchial responsiveness, airway resistance, and lung
inflammation in mice compared to vehicle controls. A sub-
set of mice was pretreated with the TRPV1 antagonist
AMG9810, the TRPAI antagonist A967079, or both, and
each of these treatments reduced the PM,s-induced
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bronchial responsiveness and airway resistance to levels
similar to vehicle controls. AMG9810 and A967079 also
attenuated the PM,s-induced increases in lung total cell
count, macrophages, lymphocytes, neutrophils, and eosino-
phils, with A967079 and the combined pretreatment having
the largest effect. In addition, AMG9810, A967079, or their
combination attenuated the PM, s-induced increase in lung
inflammation score (based on histological changes) and the
PM, s-induced increase in lung tissue levels of malondialde-
hyde (MDA) and mitochondrial ROS, whereas pretreatment
with A967079 alone reduced the PM, s-induced increase in
lung tissue hydrogen peroxide levels. Together, the results
show that inhibition of TRPA1 channels or combined inhib-
ition of TRPA1 and TRPV1 channels resulted in a greater
inhibitory effect on lung inflammation and injury, oxidative
stress, and airway hyperresponsiveness than inhibition of
TRPV1 channels, suggesting that TRPA1 channels play a
more prominent role in reflex respiratory responses com-
pared to TRPV1 (Xu et al. 2019).

Bergren (1985) examined the effects of cigarette smoke
on airway hyperresponsiveness by exposing ovalbumin
(OVA)-sensitized and non-sensitized (NS) guinea pigs to
cigarette smoke for 30 min daily in a whole-body inhalation
chamber at an average concentration of 5.3+0.1 mg/L for
120 to 156 days. Following the end of exposure to cigarette
smoke, the guinea pigs were deeply anesthetized and chal-
lenged with capsaicin and bradykinin, both by intravenous
injection and aerosolization of capsaicin with subsequent
inspiration through a ventilator. Systemic capsaicin and
bradykinin act as selective agents for the activation of C-
fibers. Chronic cigarette smoke exposure enhanced the
intravenous capsaicin- and bradykinin-induced increase in
C-fiber activity and airway hyperresponsiveness (as indi-
cated by increased tracheal pulmonary pressure) in OVA-
sensitized guinea pigs, but not in NS guinea pigs.
Aerosolized capsaicin-induced increases in tracheal pulmon-
ary pressure were also enhanced in cigarette smoke-exposed,
OVA-sensitized animals. Overall, this study indicates that
C-fibers were hyperactivated by OVA sensitization and cig-
arette smoke, and suggests that the airway hyperresponsive-
ness induced by this exposure may be modulated by the
resulting hyperactivation of C-fibers as an underlying key
event.

Robinson et al. (2018) recorded impulses from C-fibers
in anesthetized guinea pigs pretreated with the TRPALl
antagonist Janssen 130, the TRPV1 antagonist Xention
D0501, or the TRPV4 antagonist GSK2193874, and chal-
lenged with an aerosolized 1pg/mL dose of DEP organic
extract (DEP-OE). A subset of animals was also exposed
intratracheally to whole DEPs without TRPA1 or TRPV1
blockage. DEP exposure (10 pug/mL) activated C-fibers, and
a range of DEP exposures (0.1-100 pg/mL) induced a con-
centration-dependent depolarization (i.e. activation) of iso-
lated guinea pig vagus nerves. Intratracheal DEP-OE also
depolarized the vagus nerve in a concentration-dependent
manner similar to DEPs, indicating the organic components
of DEPs are responsible for activation of sensory nerves.
Administration of the TRPA1 antagonist Janssen 130 or the

antioxidant NAC inhibited aerosolized DEP-OE-induced
impulses in the isolated guinea pig vagus nerve, whereas the
TRPV1 and TRPV4 antagonists had no effect. Janssen 130
and NAC also inhibited DEP-OE-induced impulses in iso-
lated human vagus nerve tissue. Separate experiments with
TRPA1 null mice showed inhibition of DEP-OE-induced
impulses, but no significant differences in responses in
TRPV1 and TRPV4 null mice compared to wild-type mice.
Janssen 130 also inhibited the increased tracheal pressure
induced by exposure of isolated guinea pig vagus nerves to
aerosolized DEP-OE (though the TRPV1 and TRPV4 antag-
onists were not evaluated for effects on tracheal pressure).
This study indicates that TRPA1 is a primary channel tar-
geted by DEP-OE and is involved in reflex respiratory
responses, likely through an oxidative stress mechanism.

Lian et al. (2022) exposed OV A-sensitized and non-sensi-
tized mice to 20pg PM,s(collected from ambient air in
Wuhan, China) via intratracheal instillation on days 12, 15,
and 18 of the experiment and examined allergic asthma
endpoints on day 26. The study also included groups
exposed to 0.5ppm ozone via inhalation or a combination
of 20ug PM,s and 0.5ppm ozone from days 12-18.
Combined exposure to PM, s and ozone (but not to PM, s
or ozone alone) following OVA challenge resulted in signifi-
cant increases in lung allergic inflammation, histopatho-
logical lesions, oxidative stress, airway hyperresponsiveness,
and TRPV1 and substance P expression. The TRPV1 antag-
onist CPZ was administered to a subset of animals in the
PM, s + ozone combined exposure group on days 12-18 to
investigate the role of the TRPVI channels in allergic
asthma. CPZ reduced the synergistic effects of PM,s and
ozone on allergic inflammatory responses, histopathological
changes, oxidative stress, and airway hyperresponsiveness.
Collectively, the results suggest that neurons innervating the
lung and expressing TRPV1, such as C-fibers, are respon-
sible for aggravated allergic asthma following combined
PM, 5 and Oj; exposure.

A study by Weng et al. (2013) provides further evidence
that neural receptors and ROS are involved in C-fiber acti-
vation. The authors exposed anesthetized rats to 6 mL of
50% or 100% cigarette smoke (with the 50% cigarette smoke
generated by mixing the 100% cigarette smoke with an
equal volume of air) via inhalation from a syringe and
measured activity of lung vagal C-fiber afferents before and
after pretreatment with the TRPV1 receptor antagonist CPZ,
the hydroxyl radical scavenger dimethylthiourea (DMTU),
the P2X receptor antagonist iso-PPADS, or CPZ + iso-
PPADS. Cigarette smoke exposure induced significant
increases in C-fiber impulses in a concentration-dependent
manner. Pretreatment with DMTU attenuated the C-fiber
response to 100% cigarette smoke, indicating that the
hydroxyl radical, which is a major component of ROS,
mediates the cigarette smoke-induced C-fiber response.
Pretreatment with CPZ or iso-PPADS also significantly
reduced C-fiber impulses induced by 100% cigarette smoke,
and this suppression of C-fiber activity was further reduced
by pretreatment with the combination of CPZ and iso-
PPADS. Collectively, these results indicate that the TRPV1



and P2X receptors are critical for activating C-fibers in
response to exposure to cigarette smoke, and that ROS
(including the hydroxyl radical) mediates this activation.

Together, the studies that used pharmacological treatments
to evaluate whether PM,s-induced respiratory responses are
modulated by neural activation indicate that parasympathetic
vagal nerves such as C-fibers mediate reflex respiratory
responses to PM, s, and that ROS may be a trigger for their
activation. The studies also indicate that activation of TRPV1
and TRPA1 channels on these nerves facilitates the PM,s-
induced effects on a variety of respiratory endpoints, including
cough reflex sensitivity, airway hyperresponsiveness, lung
inflammation, and oxidative stress in the lung.

Studies of cardiovascular effects with vagal nerve
manipulation

We identified four studies that examined the effects of
PM,s on cardiovascular endpoints following vagal nerve
manipulation via bilateral vagotomy (See Table 3). These
studies used small numbers of animals that were not
randomized into exposure groups and each evaluated only
one exposure concentration of particles. One of these stud-
ies used cigarette smoke (Matran et al. 1990) and two used
DE (Hazari et al. 2011; Carll et al. 2013) as surrogates for
PM,s. In addition, one of the studies used intratracheal
instillation as the exposure route (McQueen et al. 2007).

McQueen et al. (2007) exposed anesthetized rats to
500 pg DEPs via a single intratracheal instillation and sub-
sets of animals were bilaterally vagotomized prior to instilla-
tion or 6h following DEP instillation. The authors
examined the effects of DEPs on blood pressure (BP), heart
rate (HR), and heart rate variability (HRV) during the 6-h
period after instillation. Neither instillation of DEPs nor
bilateral vagotomy conducted prior to instillation altered
mean BP, HR, or HRV. The authors credited several pos-
sible reasons for the lack of cardiovascular changes, includ-
ing the DEP stimulus being inadequate to produce a
response, an exposure period that was too short, or that the
anesthesia itself may have affected the results.

Hazari et al. (2011) exposed spontaneously hypertensive rats
to DE containing 150 ug/m3 PM, 5 for four hours via inhalation
in an exposure chamber and assessed arrhythmogenesis (by
challenging animals with a continuous intravenous infusion of
the arrhythmogenic drug aconitine) and changes in cardiac
function (HR, HRV, QRS duration, and ST segment duration).
Immediately after the DE exposure, a subset of rats underwent
bilateral vagotomy. The authors reported that exposure to DE
produced a slight increase in HR, increases in HRV measures
and QRS duration, a decrease in ST segment duration, and a
heightened sensitivity to arrhythmia. The DE-induced increase
in HR was exacerbated by bilateral vagotomy, whereas the DE-
induced increases in HRV measures were abolished by bilateral
vagotomy, except for the increase in the low frequency/high fre-
quency (LF/HF) ratio, which is an estimate of the balance
between sympathetic and vagal (parasympathetic) activity.
Bilateral vagotomy also prevented the DE-induced increase in
QRS duration, but not the DE-induced decrease in ST segment
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duration, and only partially prevented the DE-induced height-
ened sensitivity to arrhythmia (Hazari et al. 2011).

Carll et al. (2013) exposed spontaneously hypertensive
heart failure rats to 500 ug/m’ DE for four hours by inhal-
ation in an exposure chamber and evaluated changes in car-
diac contractility, relaxation, and HR. At 24h after
exposure, the rats were anesthetized and infused with dobut-
amine twice (for a cardiac stress test), and a subset of rats
underwent bilateral vagotomy in between infusions.
Exposure to DE decreased contractility and slowed left ven-
tricle (LV) relaxation but did not affect HR before infusion.
Vagotomy increased HR and contractility compared to pre-
dobutamine infusion in both the unexposed control and
DE-exposed groups, which indicates parasympathetic signal-
ing by the vagus nerve was successfully impaired, but vagot-
omy had no effect on LV relaxation or HR deceleration in
DE-exposed animals. This study indicates that the effects of
DE exposure on HR and contractility act through sympa-
thetic nervous system modulation.

Matran et al. (1990) exposed anesthetized pigs to the smoke
from one cigarette (with or without a filter that removed the
PM from the smoke) by inhalation for 2 min and assessed vas-
cular responses in three different types of surgically-exposed
arteries in vivo: the nasal cavity sphenopalatine artery (SPA),
superior laryngeal artery (SLA), and bronchial artery (BA).
Exposure to cigarette smoke (either filtered or unfiltered)
decreased the vascular resistance of the SPA, SLA, and BA,
with the largest decrease in the BA. Decreased vascular resist-
ance indicates an increase in vasodilatation, which is widening
of the blood vessels that results in increased bloodflow.
Because the results were similar with both filtered and unfil-
tered cigarette smoke, the effects on vascular resistance were
likely attributable to the vapor phase of the smoke rather than
the particulate phase. This is consistent with other studies indi-
cating that nitrogen oxide and carbon monoxide in the vapor
phase of cigarette smoke are responsible for pulmonary vaso-
dilatation (Zhu and Parmley 1995). Matran et al. (1990) also
evaluated vascular resistance in the BA in a subset of animals
that underwent bilateral vagotomy to sever the vagus nerve
prior to exposure. In these animals, the decrease in vascular
resistance was unchanged by vagotomy, indicating that an
afferent vagal pathway is not likely to be involved in the effects
of cigarette smoke on vasodilatation in the BA. The vasodilata-
tion effects were induced by the vapor phase of the smoke
rather than the particulates, however, so this study indicates
that particulates may not be as potent as the vapor phase in
activating neural reflexes.

Together, these studies demonstrate that vagal signaling
may not mediate PM, s-induced changes in HR, LV relax-
ation, or vascular resistance of bronchial arteries, but may
affect PM, s-induced changes in HRV, QRS duration, and
sensitivity to arrhythmias.

Studies of cardiovascular effects with pharmacological
pretreatment to inhibit or activate C-fibers

Several studies evaluated the effects of PM, 5 on cardiovas-
cular responses following pretreatment with one or more
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Table 3. Experimental animal studies of cardiovascular effects with vagal nerve manipulation.

Vagal
Manipulation

Result of Vagal
Manipulation

Cardiovascular Response

Exposure
Concentration

P Value

to PM, s Exposure

Exposure Route Technique

Exposure Duration

N PM, 5 Exposure

5

Animal Model

Anesthetized

Reference

NR

No change

Bilateral vagotomy Decreased vascular

Inhalation by

NR 2min

Cigarette smoke

Matran et al. (1990)

resistance in bronchial

artery

Bilateral vagotomy No effect on BP, HR,

respirator

pigs

> 0.05

No change

500 pg Once Intratracheal

DEPs

7-10

Anesthetized

McQueen et al.

or HRV
Increased sensitivity to

instillation

Inhalation

Wistar rats
Spontaneously

(2007)
Hazari et al. (2011)

> 0.05

Slight attenuation of PM-

Bilateral vagotomy

150 pg/m?* 4h

DE

5-6

induced increase

arrhythmia (from

hypertensive rats

aconitine challenge)

Increased HR

Exacerbation of PM-induced < 0.05

increase
Prevention of PM-induced

< 0.05

Increased HRV

increase (except for

increased LF/HF ratio)
Prevention of PM-induced

< 0.05

Increased QRS duration

increase
No change

> 0.05

Decreased ST segment

duration

Bilateral vagotomy No effect on cardiac

< 0.05

Increased cardiac

Inhalation

500 pg/m> 4h

DE

Spontaneously

Carll et al. (2013)

contractility

No change

contractility
Slowed left ventricle

hypertensive

heart failure rats

relaxation
No effect on HR

Notes. BP: Blood Pressure; DE: Diesel Exhaust; DEPs: Diesel Exhaust Particles; HR: Heart Rate; HRV: Heart Rate Variability; LF/HF: Low Frequency/High Frequency; NR: Not Reported; PM: Particulate Matter.

Increased HR

pharmacological agents to inhibit or activate C-fibers (See
Table 4). All of these studies used small numbers of animals
that were not randomized into exposure groups and each
evaluated only one exposure concentration of PM,s. Two
studies used the non-physiological exposure route of intra-
tracheal instillation (McQueen et al. 2007; Robertson et al.
2014). Two studies used cigarette smoke (Matran et al.
1990; Lin et al. 2010) and two used DE (Hazari et al. 2011;
Carll et al. 2013) as the PM, 5 exposure.

As discussed above, McQueen et al. (2007) exposed anes-
thetized rats to 500 ug DEPs via a single intratracheal instil-
lation. A subset of animals was pretreated with atropine 10-
20 min before instillation to block parasympathetic signaling,
and physiological changes in BP, HR, and HRV were moni-
tored throughout the six-hour period following instillation.
As discussed above, instillation of DEPs did not induce
alterations in BP, HR, or HRV, and the authors note that
BP was also not affected by atropine pretreatment. Due to
the lack of cardiovascular effects from DEP exposure, this
study does not provide evidence as to whether cardiovascu-
lar effects of PM,s operate through activation of neural
reflexes.

Carll et al. (2013) exposed spontaneously hypertensive
heart failure rats to 500 pg/m> DE for four hours by inhal-
ation and assessed effects on HR, BP, pre-ejection period
(PEP, a contractility index), and the HRV indices of stand-
ard deviation of the RR interval (SDNN), LF/HF ratio, and
square root of the mean of squared differences of adjacent
RR intervals (RMSSD), both during exposure and in tread-
mill stress tests conducted 4 and 21h after exposure.
Subgroups of animals were treated with atropine or atenolol
prior to DE exposure to investigate the effects of parasym-
pathetic and sympathetic signaling, respectively, on cardiac
response to DE. DE exposure increased HR, mean arterial
blood pressure, and cardiac contractility (as indicated by
reduced PEP) during the exposure period, and atenolol pre-
treatment (but not atropine pretreatment) prevented these
DE-induced effects. In the treadmill stress test 4h after
exposure, DE significantly increased SDNN and RMSSD but
had no effect on HR or LF/HF ratio. Atropine pretreatment
did not significantly affect any of these parameters, while
atenolol pretreatment significantly decreased HR but had no
effect on the HRV parameters. In the treadmill stress test
21h after exposure, DE exposure increased HR and LEF/HF
and decreased RMSSD (but had no effect on SDNN), and
there were no significant effects on these parameters with
either atropine or atenolol pretreatment. There were no sig-
nificant effects of DE exposure on arrhythmia frequency,
HR increase, HR decrease, HR recovery time, or ECG
morphology during the treadmill stress tests. There were
also no effects of DE on measures of oxidative stress or
inflammation in blood, lung lavage fluid, lung tissue, or
heart tissue collected 24h after DE exposure cessation.
Overall, this study shows that DE-induced effects on HR,
BP, and cardiac contractility act through sympathetic, rather
than parasympathetic, signaling in spontaneous hypertensive
heart failure rats.
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Matran et al. (1990) exposed pigs to the smoke from one
cigarette (with or without a filter to remove the PM) by
inhalation for 2min and assessed vascular responses in the
SPA, SLA, and BA, with or without pretreatment with atro-
pine to block vagal activation of the heart via parasympa-
thetic signaling, the anesthetic lignocaine to block
stimulation of sensory irritant receptors, or systemic capsa-
icin, all administered via injection.
Pretreatment with systemic capsaicin had no effect on the
cigarette smoke-induced decreases in vascular resistance in
the SPA, SLA, and BA, but did significantly attenuate the
local integrated blood flow increase (a marker of dilatation)
in the SPA (with no changes observed in the SLA and BA).
Atropine and lignocaine also had no effect on cigarette
smoke-induced decreases in vascular resistance in the SPA,
SLA, or BA. The results from this study suggest that C-
fibers or other afferent vagal pathways are not likely
involved in the cigarette smoke-induced vasodilatation in
the SLA (larynx) and BA (bronchi), but the authors stated
that C-fibers may be involved in the response in the SPA
(nasal mucosa), suggesting that the systemic capsaicin treat-
ment used in this study was intended to block C-fibers
rather than stimulate them. As discussed above, however,
the fact that results for vascular resistance were similar
whether filtered or unfiltered cigarette smoke was used sug-
gests that the effects were attributable to the vapor phase of
the smoke rather than the particulate phase, indicating that
particulates may not be as potent as the vapor phase in acti-
vating neural reflexes.

Lin et al. (2010) evaluated changes in arterial BP and HR
in anesthetized rats exposed to 6mL of 100% cigarette
smoke by inhalation, before and after perivagal capsaicin
treatment to block conduction of the afferent vagus nerve
fibers, pretreatment with the antioxidant NAC to counteract
ROS, or intravenous injection of the TRPA1 receptor antag-
onist HC030031, the P2X receptor antagonist iso-PPADS, or
HC-030031 + iso-PPADS. Cigarette smoke exposure resulted
in transient decreases in mean arterial BP and HR, and
these effects were attenuated with perivagal capsaicin treat-
ment, as well as treatment with NAC, HC-030031, iso-
PPADS, or HC-030031 + iso-PPADS. These results suggest
that cigarette smoke-induced decreases in BP and HR are
mediated by activation of TRPA1 and P2X receptors on C-
fibers and that ROS may serve as the initiating event.

As discussed above, Hazari et al. (2011) exposed spontan-
eously hypertensive rats to DE containing 150 pg/m®> PM, 5
for four hours via inhalation and assessed HR, HRV, QRS
duration, ST segment duration, and sensitivity to arrhyth-
mias from aconitine challenge. Prior to exposure to DE, a
subset of rats were pretreated with the TRPA1 antagonist
HC030031, the general TRP antagonist ruthenium red, or
the TRPV1 antagonist SB366791. Another subset of rats was
treated with atropine immediately after the DE exposure to
examine effects of parasympathetic signaling. Pretreatment
with the TRPA1 antagonist, but not the other agents, pre-
vented the DE-induced increase in HR. Pretreatment with
the TRPA1, general TRP, and TRPV1 antagonists, as well as
treatment with atropine, prevented the DE-induced increase

subcutaneous
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in QRS duration, and atropine prevented the DE-induced
increases in HRV measures. Exposure to DE also produced
a decrease in the ST segment duration, and this effect was
prevented by the TRPAI, general TRP, and TRPV1 antago-
nists but not atropine. DE exposure also induced an increase
in sensitivity to arrhythmia, and this effect was abolished by
pretreatment with the TRPAI and general TRP antagonists,
was partially reduced by the TRPV1 antagonist, and was not
affected by atropine. Taken together, the results from this
study indicate that TRPA1 and TRPV1 receptors mediate
PM, s-induced changes in cardiac function and proarrhyth-
mic cardiac responses, with effects on HRV and QRS dur-
ation involving parasympathetic signaling, and that TRPA1
specifically mediates PM, s-induced effects on HR.

Robertson et al. (2014) examined effects on BP, ventricu-
lar arrhythmia, heart tissue edema, and reperfusion injury
in the heart in anesthetized rats exposed to DEPs (0.5 mg)
once via intratracheal installation for 6h, with or without
co-treatment with the TRPVI antagonist AMG 9810. The
authors reported that DEPs induced increases in BP, dur-
ation of arrhythmia after induction of myocardial ischemia
(i.e. restriction of blood flow to the heart), heart tissue
edema, and infarct size after reperfusion injury in both
in vivo hearts and in hearts isolated from DEP-exposed rats
that underwent ischemia induction and reperfusion ex vivo.
DEP exposure did not induce inflammatory cell recruitment
to the heart, but did increase oxidative stress and apoptosis
of cardiomyocytes and reduced cardiomyocyte viability. Co-
treatment with AMG 9810 attenuated the DEP-induced
increases in BP and arrhythmias and prevented the reperfu-
sion-induced myocardial injury (i.e. increased infarct size,
increased apoptosis, and reduced cardiomyocyte viability)
observed with DEP exposure for in vivo hearts. The authors
did not report the statistical significance of the effects of
AMG 9810 on arrhythmia and cardiomyocyte apoptosis,
however. These results indicate that TRPV1 activation
underlies the DEP-induced increases in BP, arrhythmia, and
myocardial injury.

Ghelfi et al. (2008) investigated effects on cardiac func-
tion in rats exposed by inhalation to CAPs generated using
the Harvard Ambient Particle Concentrator in Boston,
Massachusetts (mean PM, 5 mass concentration:
218 +23 mg/m”), once for 5h (24 rats per group) or repeat-
edly for 5h per day over 4 months (8 rats per group). For
the single exposure study, a subset of rats was pretreated
with the TRPV1 antagonist CPZ via intraperitoneal (IP)
injection or at a concentration of 500 uM for 20 min via
inhalation as an aerosol. Exposure to CAPs induced oxida-
tive stress in the heart (as measured by in situ chemilumin-
escence in heart tissue), increased oxidized lipids in heart
tissue, and induced heart edema, and pretreatment with
CPZ by IP injection or aerosol inhalation prevented all of
these effects. For the repeated exposure study, a subset of
rats was pretreated with CPZ via IP injection and HR was
the only endpoint measured. Exposure to CAPs decreased
HR, and CPZ pretreatment abolished this effect. The
authors did not report whether any of the effects of CPZ
pretreatment were significantly different from the effects of
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exposure to CAPs alone. The findings from this study sug-
gest that CAPs activate TRPV1, which mediates alterations
in cardiovascular endpoints such as oxidative stress and HR.

Together, the studies that used pharmacological treat-
ments to evaluate whether PM,s-induced cardiovascular
responses are modulated by neural activation indicate that
most responses are mediated through sympathetic signaling,
but that parasympathetic signaling is involved in changes in
HRV and QRS duration. The activation of TRPV1 and
TRPA1 channels facilitates the PM, s-induced effects on sev-
eral cardiovascular endpoints, including HR, BP, sensitivity
to arrhythmias, QRS duration, ST segment duration, cardiac
injury, and cardiac oxidative stress, but these channels do
not appear to facilitate effects on HRV. The studies also
indicate that P2X receptors and ROS are also mediators in
the neural responses to PM, s.

Evaluation of the proposed mode of action

In this section, we evaluate the plausibility of the activation
of neural reflexes as the MoA for the relationship between
PM, 5 and mortality induced by altered respiratory and car-
diovascular function. We conduct our evaluation in accord-
ance with the principles of the IPCS mode-of-action/human
relevance framework (Boobis et al. 2008; Meek et al.2014a,
2014b). In line with this framework, we evaluate the consist-
ency, essentiality, temporality, and exposure-response rela-
tionships of the key events underlying the toxic responses.
In addition, we evaluate the biological concordance of the
proposed MoA with other available evidence to inform
the biological plausibility of the MoA. Then, we evaluate the
relevance of the MoA to humans, considering exposure lev-
els at which the key events occur and any differences in the
key events between animals and humans. Finally, we iden-
tify study uncertainties and data gaps in the literature.

Consistency of effects

Respiratory studies
The respiratory studies using bilateral vagotomy and periva-
gal capsaicin treatment to block vagal nerve activation
showed that cigarette smoke-induced bradypneic responses
and DEP-induced RMV and inflammation are mediated
through vagal signaling in different animal strains at vari-
able exposures (McQueen et al. 2007; Lin et al. 2010). In
addition, McQueen et al. (2007) showed that the DEP-
induced effects on RMV, as well as lung inflammation, are
modulated by activation of parasympathetic signaling.
Studies using aerosolized or systemic capsaicin treatment
to activate TRPV1 receptors consistently showed evidence of
C-fiber stimulation in mediating respiratory responses to
different types of PM,s (cigarette smoke, DEPs, ambient
PM,s, and PM,s + ozone) and across different species
(Bergren 1985; Wong et al. 2003; Lvet al. 2016). However,
because Wong et al. (2003) reported that systemic capsaicin
treatment exacerbated DEP-induced neurogenic inflamma-
tion when measured by plasma extravasation in the respira-
tory tract, but did not affect lung inflammation when

measured as the number of particle-laden macrophages in
the lung, the authors concluded that C-fibers did not dom-
inate the inflammatory responses to DEPs.

In the studies that utilized TRP antagonists to block TRP
signaling, it was shown that TRPA1 and TRPV1 receptors
are involved in the PM,s-induced respiratory responses
across different species and types of PM, s, including cigar-
ette smoke, DEP-OE, and ambient PM, 5(Lin et al. 2010; Lv
et al. 2016; Robinson et al. 2018; Xu et al. 2019; Lian et al.
2022). In addition, the studies by Robinson et al. (2018) and
Xu et al. (2019) both showed that TRPALI plays a larger role
in the respiratory and inflammatory reflex responses to par-
ticulates. In contrast, the Weng et al. (2013) study showed
that cigarette smoke-induced C-fiber impulses are mediated
by TRPVI1 channels in rats (using the TRPV1 antagonist
CPZ), whereas Robinson et al. (2018) demonstrated that the
TRPV1 antagonist Xention D0501 had no impact on DEP-
OE-evoked impulses in the isolated guinea pig vagus nerve.
This may be attributable to different exposures (cigarette
smoke vs. DEP-OE), different TRPV1 antagonists, or both.

Two studies also utilized the P2X antagonist iso-PPADS.
The findings from these studies provide evidence that P2X
receptors are involved in the stimulation of C-fibers and the
induction of the bradypneic response by cigarette smoke
(Linet al. 2010; Weng et al. 2013). Because P2X receptors
play an important role in the sensory transduction of pul-
monary ROS, these findings are consistent with other stud-
ies indicating that the oxidative components are the primary
mediators involved in neural reflex responses to inhaled
particulates from cigarette smoke and DEPs (Lin et al. 2010;
Weng et al. 2013; Robinson et al. 2018). Collectively, these
animal exposure models using antioxidants and free radical
scavengers provide consistent evidence that ROS are impor-
tant mediators in the C-fiber response to inhaled cigarette
smoke and DEPs.

Cardiovascular studies
The cardiovascular studies using bilateral vagotomy and
perivagal capsaicin treatment to block vagal nerve signaling
reported inconsistent results with respect to effects on
PM, s-induced cardiovascular endpoints. The bilateral vagot-
omy studies demonstrate that vagal signaling may affect
DE-induced changes in HRV, QRS duration, and sensitivity
to arrhythmias in spontaneously hypertensive rats (Hazari
et al. 2011), but may not mediate DE-induced increases in
HR in spontaneously hypertensive rats (Hazari et al. 2011),
DE-induced slowing of LV relaxation in spontaneously
hypertensive heart failure rats (Carll et al. 2013), or cigarette
smoke-induced changes in vascular resistance of bronchial
arteries in pigs (Matran et al. 1990). In contrast, perivagal
capsaicin treatment attenuated cigarette smoke-induced
transient increases in HR and arterial blood pressure in rats
(Lin et al. 2010), though we note these studies used different
animal models and different types of PM, 5 exposure.
Studies that used atropine or atenolol to investigate
whether PM, s-induced cardiovascular effects are modulated
by parasympathetic or sympathetic signaling also showed
inconsistent effects. Atenolol, but not atropine, prevented



the DE-induced effects on HR, BP, and cardiac contractility
in spontaneous hypertensive heart failure rats, indicating
that these effects are mediated by sympathetic, but not para-
sympathetic signaling (Carll et al. 2013). By contrast, para-
sympathetic signaling was not implicated in the effects of
cigarette smoke on vascular resistance in pigs (Matran et al.
1990) or the effects of DE exposure on HR, ST segment
duration, or sensitivity to arrhythmia in spontaneously
hypertensive rats (Hazari et al. 2011), as atropine treatment
had no effect on these endpoints. Atropine prevented the
DE-induced increase in HRV and QRS duration in spontan-
eously hypertensive rats, however, indicating that these
effects are induced through parasympathetic signaling
(Hazari et al. 2011).

One study used systemic capsaicin treatment to activate
TRPV1 receptors and showed that this activation had no
effect on the cigarette smoke-induced decrease in vascular
resistance in pigs, consistent with the lack of vagal signaling
for these effects with bilateral vagotomy (Matran et al.
1990). The studies that used TRP antagonists generally
showed that TRPA1l receptors mediate cigarette smoke-
induced effects on HR (Lin et al. 2010), TRPV1 receptors
mediate effects of DEPs or CAPs on cardiac injury and oxi-
dative stress (Ghelfi et al. 2008; Robertson et al. 2014), and
both types of receptors mediate effects of DE, DEPs, or cig-
arette smoke on BP, sensitivity to arrhythmias, QRS dur-
ation, and ST segment duration (Lin et al. 2010; Hazari
et al. 2011; Robertson et al. 2014). Neither TRPA1 nor
TRPV1 receptors were shown to mediate effects on HRV
(Hazari et al. 2011).

One study evaluated the effects of P2X receptors and
NAC on the transient increases in HR and BP induced by
cigarette smoke in rats (Lin et al. 2010). These inhibitors
attenuated the effects on HR and BP, indicating that P2X
receptors and ROS are mediators in the neural responses
and ultimate CV effects from cigarette smoke.

Essentiality

Essentiality considers the evidence supporting the necessary
key events for a proposed MoA. Many of the reviewed stud-
ies directly evaluated essentiality by blocking ROS produc-
tion, C-fiber activation, TRP signaling, or vagal reflexes
through vagal manipulation or pharmacological treatments.
These studies showed that blockage of these key events atte-
nuated or eliminated downstream respiratory effects and, in
some cases, cardiovascular effects. Thus, the studies provide
support that these key events are essential in the proposed
MoA for respiratory and, possibly, cardiovascular effects.

Temporality

With regard to the temporal relationships of the key events
in the proposed MoA, the experimental animal studies indi-
cate that C-fiber impulses and respiratory bradypneic
responses follow a similar time-course, indicative of a com-
mon mechanistic origin. Activation of neural reflex
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responses involves several steps that must occur sequentially
to generate a physiological response.

For PM, 5 to directly stimulate a C-fiber, PM, 5 must first
be inhaled, and inflammatory mediators (e.g. ROS) must
interact with their cognate receptors in the neural mem-
brane to form a mediator-receptor interaction. Multiple ani-
mal studies indicate oxidative components of PM, s to be
the primary mediators responsible for physiological
responses, as pretreatment with ROS scavengers (i.e.
DMTU, NAC) significantly reduces CSLVA impulses and
changes in respiratory and cardiac function (Wong et al.
2003; Weng et al. 2013; Ghelfi et al. 2008; Lin et al. 2010).
Cardiovascular studies also indicate that cardiac oxidative
stress and electrophysiological changes are mediated by pul-
monary reflexes (McQueen et al. 2007; Lin et al. 2010). This
highlights that oxidative stress is a key event in the MoA
and cardiovascular responses are dependent on respiratory
responses.

Studies in guinea pigs, rats, and mice support a role for
the key events of TRPA1 and TRPVI1 agonism by ROS in
the activation of C-fibers in the proposed MoA, as animal
studies indicate that pretreatment with pharmacological
TRPA1 and TRPV1 antagonists reduces impulses recorded
from particulate-stimulated C-fibers (Lin et al. 2010; Weng
et al. 2013; Robinson et al. 2018), eliminates bradypneic
responses, and reduces changes in RMV, airway resistance,
airway responsiveness, HRV, and changes in systolic blood
pressure (Ghelfi et al. 2008; Lin et al. 2010; Hazari et al
2011; Robertson et al. 2014; Lv et al. 2016; Robinson et al.
2018; Xu et al. 2019; Lian et al. 2022). These results high-
light that C-fiber activation, and corresponding respiratory
and cardiovascular reflex responses, depends upon TRPAl
and TRPV1 channel activation by the oxidative components
of PM, 5.

Overall, the results of the reviewed studies provide sup-
port that ROS, TRP channel activation, and activation of C-
fibers are key events that are consistent with the postulated
sequence of events in the proposed MoA, with clear involve-
ment in changes in lung and cardiovascular function.

Exposure-response relationships

The majority of studies did not examine the role of neural
signaling on the effects of more than one exposure concen-
tration of PM,s on respiratory or cardiac function. Only
two studies with respiratory endpoints evaluated more than
one PM, 5 concentration. Wong et al. (2003) exposed rats to
two concentrations of DEPs, 353+49pug/m® or
632.9 £47.6 ug/m>, as well as to an unreported but presum-
ably lower concentration of DEPs in diesel engine room air,
and demonstrated a dose-dependent increase in plasma
extravasation in DEP-exposed rats. Pretreatment with sys-
temic capsaicin to activate C-fiber signaling exacerbated the
plasma extravasation at all DEP concentrations, indicating
that neural signaling was involved in this response to DEP
across a range of concentrations. Similarly, Lv et al. (2016)
exposed guinea pigs to 80 or 320 mg/kg PM, s by intranasal
instillation and the observed increases in cough reflex
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sensitivity with both exposures were exacerbated by activa-
tion of C-fibers and attenuated when C-fiber signaling
through TRPV1 receptors was blocked. All other studies
examined neural signaling using only one PM,s exposure
concentration, and the dose regimens differed significantly
across studies (type of PM, s, concentration and duration of
exposure, route of exposure, species of experimental animal)
so we could not evaluate exposure-response relationships
across studies.The limited exposure-response data within
and across studies also does not allow for the identification
of a threshold for the proposed MoA.

A proposed MoA is not supported if the early key events
only occur at exposures higher than those that induce the
apical effect (Meek et al. 2014a). The PM, s-induced respiratory
and cardiovascular morbidities that underlie reported associa-
tions with mortality in epidemiology studies have been
reported to occur at much lower exposures than those used in
the experimental animal studies of key events reviewed here
(US EPA 2019), so it is unclear whether the key events occur
at the same or lower exposures than these morbidities.

Biological concordance

Biological concordance is the consistency of the proposed
MoA with the current biological knowledge of the toxico-
logical outcome (Meek et al. 2014a). In this section, we con-
sider whether the proposed MoA of PM,s-induced neural
activation is consistent with what is known about respira-
tory and cardiovascular morbidities associated with PM, 5
exposure.

Many of the respiratory and cardiovascular morbidities
that have been associated with PM, 5 exposure in epidemi-
ology studies are related to the activation of inflammatory
pathways, either in target tissues or systemically
(Hancoxet al. 2007). Additionally, it has been proposed that
inflammation mediates the relationship between lung func-
tion decrements and the risk of cardiovascular outcomes
(Sin and Man 2003). This theory is substantiated by several
studies that have documented high levels of circulating
inflammatory markers in the serum of patients with COPD
and increases in systemic inflammation that have been asso-
ciated with increased risk of cardiovascular disease (Libby
et al. 2002; Hancox et al. 2007). Furthermore, increases in
C-reactive protein (CRP) levels, a well-known inflammatory
marker, have been observed in patients with asthma and
cardiovascular disease (Patel et al. 2007; Halvani et al. 2012).

TRPA1 and TRPV1 channels play an important role in
inflammatory responses and airway hyperresponsivenessin
humans (Xu et al. 2019). The studies reviewed here showed
that stimulation of bronchopulmonary C-fibers by PM, 5
activates TRP ion channels that regulate sympathetic
responses in the lung and heart. TRPA1l-induced inflamma-
tion has been suggested to be a contributing factor in the
development of COPD (Andre et al. 2008). While expres-
sion of TRPV1 is lower in the airway compared to TRPAI,
inhibition of TRPV1 also reduces lung tissue inflammation
(Xuet al. 2019). Furthermore, human data indicate that
TRPV1 mRNA expression is increased in patients with

emphysema and single nucleotide polymorphisms (SNPs) in
TRPV1 are associated with childhood asthma (Cantero-
Recasens et al. 2010; Baxter et al. 2012).

In addition to inflammation, TRP channel activation
related to ROS is likely a mediator for observed respiratory
and cardiovascular responses to PM,s. Exposure to PM, 5
increases ROS formation, which activates TRP channels on
bronchopulmonary C-fibers, subsequently altering parasym-
pathetic signaling (Xu et al. 2019). More specifically, capsa-
icin, acidic pH, and oxidative stress activate TRPV1 while
superoxide, hydrogen peroxide, and the products of lipid
peroxidation activate TRPA1 (Giiltekin et al. 2018; Trevisan
et al. 2016). Several studies support the biological plausibil-
ity of ROS as a mediator in the proposed MoA. As dis-
cussed above, pretreatment with the antioxidant NAC
prevented bradypnea and C-fiber activation, which suggests
that ROS serves as a trigger for PM, s-induced stimulation
of C-fibers (Lin et al. 2010). In addition, pretreatment with
the hydroxide radical scavenger DMTU reduced vagal
responses to cigarette smoke (Weng et al. 2013). Robinson
et al. (2018) also demonstrated that the organic component
of DEPs (DEP-OE) depolarized the vagus nerve in a similar
manner to whole DEPs, whereas the particulate carbon core
(par-DEPs) remaining after the extraction of organic com-
ponents did not induce a response. Ethanol and n-butyl
chloride/hexane extracts activated TRPA1 in isolated HEK-
293 cells, with the ethanol extract being substantially more
potent than whole DEPs (Deering-Rice et al. 2011). Finally,
increases in markers of oxidative stress have been observed
in patients with COPD and cardiovascular disease (Ho et al.
2013; McGuinness and Sapey 2017). Taken together, there is
substantial evidence that PM, 5 exposure increases ROS and
activates TRP channels, which increases inflammation that
is associated with intermediate morbidities (e.g asthma,
COPD, CVD) that underlie mortality.

Evaluation of human relevance of proposed mode
of action

In this section, we evaluate the relevance of the proposed
MoA to humans through consideration of the exposure levels
used in the experimental animal studies, differences between
humans and experimental animals, and whether these factors
support or exclude human relevance of the MoA.

All of the studies discussed in this review were conducted
using experimental animal models. This is largely because
many of the key events of the proposed MoA can only be
investigated using experimental animals for ethical reasons.
While the effects of these methods cannot be validated with
human studies, other evidence exists that supports the role
of TRP channels in regulating respiratory and cardiovascular
endpoints, as described above.

Some of the experimental animal studies reviewed here
used the human-relevant exposure route of inhalation, but
many others used non-physiological routes, including intratra-
cheal or intranasal instillation or direct exposure to the vagus
nerve. The evidence supporting the proposed MoA for PM, s-
induced respiratory effects was consistent across the studies



using inhalation as the exposure route, as well as the studies
using non-physiological routes, suggesting that the proposed
MoA is plausible regardless of the exposure route.

The relevance of the exposure levels of PM, 5 used in the
experimental animal studies to human exposures to PM, 5 is
unclear. The current primary annual National Ambient Air
Quality Standard (NAAQS) for PM, s is an annual mean
concentration of 12 pug/m’®, averaged over three years (US
EPA 2020). Recent studies have shown that global annual
average PM, s concentrations were 35 ug/m3 in urban areas
in 2019 (Southerland et al. 2022). The lowest inhalation
exposure to PM, s in the studies reviewed here was 35.3 ng/
m> PM,s, with all other inhalation studies using PM, s
exposure concentrations ranging from 150 to 5,300,000 pg/
m’. In the studies using cigarette smoke, exposure was typ-
ically to the smoke from one cigarette (6 mL) inhaled within
a few breaths. It has been shown that reference cigarettes,
which are used as a standard in laboratory research, produce
smoke that contains, on average, 918 ug/m3 of PM, 5 (Braun
et al. 2019). These exposure concentrations are far higher
than the PM,; NAAQS (12 ug/m3), and all but one
(35.3pg/m’) are far higher than typical exposures to
humans in ambient air, even in urban environments. These
exposures also occurred over shorter time periods than the
chronic human exposures to ambient PM,;, effectively
resulting in enormous peak exposures that aren’t compar-
able to typical ambient exposures.

The studies that used non-physiological routes of expos-
ure did not attempt to correlate the exposure levels to
human inhalation exposures, and it would be difficult to do
so. Extrapolation of exposures from these routes has limita-
tions, including the fact that these routes result in 100%
particle deposition. Such deposition cannot be assumed for
human exposures to ambient PM, s which include a broad
range of particle sizes that can result in differential depos-
ition and internal dose values. Particle deposition in humans
varies by particle size and anatomical location along the air-
way. Mathematical simulation modeling has shown that
total inhalation deposition of fine particles in humans
ranges from 8.5%-68.4% (Sturm 2020).

Overall, the human relevance of the studies reviewed
here is unclear, as the majority of studies used high expo-
sures that are not relevant to typical ambient exposures.The
lack of studies at lower PM, 5 exposures does not negate the
involvement of the key events in the proposed MoA at
more typical human-relevant exposures, but further studies
using lower exposure levels and human-relevant exposure
routes are needed before this can be established.

Data gaps

There remain several critical data gaps in understanding the
proposed MoA by which PM, s may induce respiratory and
cardiovascular morbidities contributing to associated mortal-
ities. First, the reviewed studies generally did not evaluate
exposure-response trends for evaluation of potential thresh-
olds. Many of the studies only assessed a single high con-
centration of PM,s, CAPs, cigarette smoke, or DEPs. In
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addition, the exposure paradigm varied significantly across
studies in terms of the type of PM, s, exposure duration and
concentration, and experimental animal species and strain,
precluding an evaluation of exposure-response relationships
across studies. In studies where exposure-response was con-
sidered, the concentrations used may not resemble typical
real-world environmental exposures. For example, Wong
et al. (2003) evaluated two concentrations of DEPs, 35.3 pg/
m® and 632.9 ug/m>. While the lower exposure level in this
study is reflective of the reported global average urban
PM, s concentration of 35 ]ytg/m3 noted above, the higher
concentration of 632.9pg/m> is far higher than typical
ambient concentrations of PM, s in the absence of excep-
tional events that can have extremely high peak exposures,
such as wildfires. This is true even in the most densely
urbanized environments in the world, such as the Chinese
city of Guangzhou, where maximum PM,s concentrations
generally do not exceed 167pg/m>*(Jahn et al. 2013).
Mechanistic studies of neural reflex and TRP channel activa-
tion at more typical environmentally-relevant exposures are
needed to address this. However, the high exposure studies
could potentially be used to inform the MoA for respiratory
or cardiovascular effects in humans resulting from extremely
high peakexposures to PM, 5 from events such as wildfires.

The lack of exposure-response data is complicated by a
lack of extended exposure data. Many of the studies consid-
ered here only assessed a single exposure. Typical environ-
mental exposures occur over a lifetime, at much lower doses
than those considered in most experimental animal models.
Exposure to PM, 5 occurs on a daily basis from both indoor
and outdoor sources. It is unclear whether a single, high
exposure to PM, s can predict chronic low-exposure effects
via the proposed MoA, such that short-term peaks in ambi-
ent PM, 5 exposure could cause respiratory and cardiovascu-
lar effects in humans via the proposed MoA. Mechanistic
studies of neural reflex stimulation of the respiratory and
cardiovascular systems with a focus on environmentally-
relevant, extended exposure durations are necessary to
determine if the key events in the proposed MoA occur in
situations relevant to typical human exposures.

Finally, the evidence regarding whether the proposed
MoA is involved in PM, s-induced cardiovascular morbid-
ities is inconsistent as to the role of vagal signals in the
regulation of heart function and requires further investiga-
tion. The studies provide evidence to suggest that vagal sig-
naling through TRP receptor activation may regulate certain
PM, s-induced cardiovascular effects but not others. Because
the data are inconsistent, there is a need for more studies
with cardiovascular endpoints to resolve the inconsistency,
and this represents a gap in the literature. In addition,
future models investigating the connection between respira-
tory reflex responses and changes in cardiovascular function
are needed to address this further.

Conclusions

We found that studies in experimental animals provide rela-
tively consistent evidence that PM,s-induced respiratory
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responses are mediated by a neural pathway, and demon-
strated essentiality of multiple early key events. ROS appear
to be the primary signal for generating the neural response,
as antioxidants and free radical scavengers abolish PM, s-
induced lung reflex responses. Studies also showed consist-
ent evidence that activation of TRPA1 and TRPV1 ion
channels and associated pro-inflammatory responses are
essential key events in the proposed MoA for respiratory
effects. The results are also consistent with the postulated
temporality of the key events in the MoA. The evidence
across the experimental studies is concordant and indicates
that neural reflex activation through stimulation of TRP ion
channels is a biologically plausible MoA by which PM, s
could cause respiratory morbidities. Exposure-response rela-
tionships and thresholds for the key events cannot be deter-
mined, as the majority of studies used only one exposure
level that was much higher than environmentally-relevant
exposures that have been shown to be associated with total
mortality in epidemiology studies. Because of this, the
human relevance of the key events in the proposed MoA is
unclear. Further studies evaluating exposure-response rela-
tionships and chronic exposures, with an emphasis on relat-
ing the findings to typical exposures in humans, are needed
to address data gaps.

The studies that evaluated cardiovascular endpoints pro-
vide inconsistent evidence for a role of the proposed MoA.
Evidence from these studies suggests that vagal signaling
through TRP receptor activation may regulate certain
PM, s-induced changes in cardiovascular function, but other
cardiovascular effects may not be mediated through this
MoA, suggesting that a different MoA may be more
plausible.

We conclude that, based on the currently available
experimental evidence, neural reflex activation is a biologic-
ally plausible MoA by which PM,s can cause respiratory
and certain cardiovascular morbidities in experimental ani-
mal models and may be relevant to humans when exposed
to extremely high peak levels of PM, s, but further studies
are needed to determine whether this occurs in humans
exposed to typical ambient PM, s concentrations.
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