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EDITORIAL

Getting Sympathetic About Air Pollution 
Exposure
Robert D. Brook , MD; Sanjay Rajagopalan , MD

A large body of evidence shows that air pollu-
tion, most notably particulate matter (PM), is 
a serious threat to cardiovascular health at a 

global scale.1,2 Fine PM <2.5 µm increases the risk for 
myocardial infarctions, strokes, heart failure, arrhyth-
mias, and cardiovascular death after both short-term 
(hours-to-days) and long-term (years) exposures. 
Although PM levels have generally decreased in 
North America and Europe, air quality remains ex-
tremely poor and is actually worsening across much 
of the developing world (Asia and Africa).2 One major 
source of exposure faced by billions of people on 
a daily basis (eg, commuting, near roadways, and 
urban settings) is traffic-related and diesel exhaust 
pollution (DEP), a mixture of gases (eg, nitrogen ox-
ides), primary (hydrocarbons, ultrafine PM <1  µm) 
and secondary (fine PM) aerosols, as well as nontail-
pipe pollutants.3 Several studies have shown that the 
risk for myocardial infarction increases within only a 
few hours after being in traffic or following exposure 
to vehicular pollutants.4,5 Given this heightened risk 
and the omnipresence of traffic, it is not surprisingly 
that it is the leading global risk factor for the trigger-
ing of myocardial infarctions (population-attributable 
factor of 7.4%).6

Several effector pathways (eg, vascular dysfunc-
tion, enhanced thrombogenicity, and elevated blood 
pressure [BP]) have been demonstrated that can 

explain the triggering of acute cardiovascular events 
by ambient PM and DEP.1 Several mediating pathways, 
whereby pollutants elicit these adverse responses re-
mote from the site of inhalation in the lungs, have also 
been proposed. The most long-standing hypothesis, 
the genesis of systemic inflammation, has been borne 
out by solid experimental evidence.1 There is also some 
evidence in humans that nanoparticles and/or certain 
constituents (eg, metals) may reach the circulation and 
thereby directly impart tissue damage.1 A third and 
commonly implicated pathway is autonomic imbal-
ance: augmented sympathetic nervous system (SNS) 
and/or decreased parasympathetic activity.1 However, 
most of the evidence in humans has come from ex-
trapolation from secondhand smoke studies7 or from 
indirect inference in relation to certain responses fol-
lowing air pollution exposure (eg, acute vasoconstric-
tion, increased heart rate and BP, and altered heart 
rate variability).1

In this regard, the study by Rankin et al in this issue 
of the Journal of the American Heart Association 
(JAHA) should be considered a landmark investiga-
tion.8 It is the first experiment to provide direct bio-
logical evidence that air pollutants can acutely elevate 
SNS activity in humans. Sixteen healthy young male 
nonsmokers were exposed to 10 minutes of filtered 
air followed by 10 minutes of filtered air and 40 min-
utes of high concentrations of DEP (PM, 304±7.22 µg/
m3; nitrogen oxides, 3.4±0.4  ppm) by oral inhalation 
via facemask using a well-validated experimental plat-
form. Peripheral muscle sympathetic nerve activity 
(MSNA) was quantified real-time during exposures by 
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the time-honored approach of microneurography of 
multiunit postganglionic fibers in the peroneal nerve.9 
DEP caused a significant elevation within 10 to 30 min-
utes during exposures in several MSNA metrics (burst 
frequency and incidence and percentage of bursts 
>50% of normalized height or area) compared with fil-
tered air. Heart rate significantly increased, while there 
were trends for elevations in systolic and diastolic BP, 
likely hemodynamic consequences of SNS activation. 
Finally, there were no effects of DEP on respiration and 
heart rate variability parameters, except for a small un-
expected (perhaps reflex) increase in the SD of normal-
to-normal intervals.

There are several strengths to this study. SNS ac-
tivity is notoriously difficult to characterize in humans 
because of its mercurial nature, multiple input deter-
minants, discordant outflow between organs, barore-
flex compensations, and changes in autonomic reflex 
and receptor sensitivities over time.9 There are also 
limitations in most methods: some give only a blunt 
whole-body assessment (eg, plasma or 24-hour urine 
catecholamines), and others give an indirect or incom-
plete picture of complex integrated direct plus reflex 
responses (eg, heart rate, heart rate variability, BP 
changes and variability, and hemodynamic responses 
to autonomic blockade). Norepinephrine “spillover” 
techniques at the whole body or organ level have 
unique advantages but would be difficult to incorpo-
rate into short-term exposure studies. Most likely this 
method could only be used with considerable effort 
to compare long-term SNS activity levels between pa-
tients facing differences in long-term air pollution ex-
posures. As such, MSNA is the best available method 
to characterize rapid changes in autonomic activity 
in response to short-term exposure. It has been well 
validated to represent peripheral SNS activity and 
is an accepted surrogate that typically mirrors auto-
nomic outflow to cardiovascular organs.9 The investi-
gators should be lauded for the meticulous protocol 
that served to mitigate many pitfalls of this challeng-
ing technique, including reducing factors (eg, stress 
and activity) that could have obfuscated small MSNA 
changes attributable to DEP.

The importance of another key study design as-
pect cannot be overstated: modifications to the 
exposure facility, allowing for the quantification of 
MSNA in real-time concomitant with DEP inhala-
tion. In a previous double-blind crossover study of 
18 healthy older adults, MSNA was not increased by 
3-hour exposures to ultrafine carbon±ozone versus 
filtered air.10 However, patients were instrumented 
for microneurography and examined only starting 
1.5  hours after exposures. Plasma norepinephrine 
levels were elevated, but this was likely attributable 
to reduced neuronal reuptake at this remote time 
point. Although several factors may account for the 

negative results (eg, reduced toxicity of carbon ul-
trafine particles, older patients, exercise, or a meal), 
the principal explanation is likely that MSNA was not 
quantified during the actual exposure. Even if the air 
pollutants did trigger an increase in SNS outflow, it 
would have likely already resolved and thus gone un-
detected 1.5 to 2 hours later. Our own series of con-
trolled exposures to ambient fine and coarse PM11,12 
supports this contention and thus the necessity to 
quantify autonomically mediated responses con-
comitant with the inhalation of pollutants.8 We have 
observed short-term changes in heart rate variability 
and consistent elevations in BP during the inhalation 
of PM, which rapidly abate or are overwhelmed by 
the effects of other factors, within minutes after ex-
posure. Other researchers have also reported rapid 
elevations in BP during DEP inhalation, most likely re-
flecting SNS activation (albeit altered endothelin and 
NO bioavailability may also play roles).13–15 Similarly, 
less consistent elevations in BP or serum catechol-
amines have been reported during postexposure pe-
riods. Standing, walking to exit the exposure facility, 
changing environments and ambient temperatures, 
noise, pain, anxiety from study procedures (eg, mi-
croneurography and blood draws), and even minor 
activities (eg, talking, urinating, eating, and laughing) 
could all influence highly labile autonomic balance 
enough, to obfuscate modest and transient effects 
of air pollution. This likely explains why the study de-
sign by Rankin et al8 was the first to definitively show 
that air pollutants can elicit a short-term increase in 
SNS activity in humans. Altogether, the available data 
support that the autonomic response to short-term 
exposure is most robust (or only detectable by cur-
rent technology) during the inhalation of pollutants. 
It also appears to be transient in nature (rapidly re-
solving after exposure). This is not unexpected as it 
follows basic physiological principles of a rapid onset 
and offset (ie, within seconds) of SNS activity above 
baseline tone in response to short-term stimuli.9

There were also a few limitations in the study by 
Rankin et al,8 most notably the lack of a double-blind 
crossover placebo (filtered air) design. However, 
this and other shortcomings were well discussed 
by the researchers and do not require elaboration 
here.8 Conversely, several unresolved questions de-
serve further attention. First, the role of the barore-
flex in buffering versus potentiating the autonomic 
hyperactivity (eg, attributable to blunted sensitivity, 
as can occur with secondhand smoke7) remains 
unknown. Second, patient susceptibility factors, 
such as age, diet and fitness, smoking, medica-
tions (eg, α or β blockers), and disorders associated 
with baseline SNS activation (obesity, hypertension, 
and heart failure) are not known. Third, the dose 
response-relationship and the culprit pollutants 



J Am Heart Assoc. 2021;10:e021675. DOI: 10.1161/JAHA.121.021675� 3

Brook and Rajagopalan� Diesel Exhaust and Sympathetic Activity

(PM constituents and gases) need to be elucidated. 
Likely because DEP concentrations were held rela-
tively constant by Rankin et al, no correlations were 
observed between any pollutant(s) and MSNA.8 Prior 
studies by members of this same group have shown 
that PM components of DEP were solely responsi-
ble for other adverse cardiovascular responses (eg, 
vascular dysfunction).16 Coupled with our own find-
ings,11,12 we believe this will likely also prove true for 
MSNA.

Another important issue that cannot be addressed 
by any short-term study is whether SNS hyperactivity 
persists over longer-term exposures. Indirect evidence 
from one study of the impact of months of harvest-
ing burnt sugar cane in Brazil showed trends toward 
long-term elevations in MSNA.17 However, the effects 
attributable solely to air pollutants could not be estab-
lished. Exposures to higher year-long fine PM levels in 
2 urban US locations have been linked to small ele-
vations in overnight urinary epinephrine levels in 1002 
adults.18 Reductions in PM exposures using indoor 
air filters among students residing in Shanghai led to 
decreases in serum catecholamines, along with other 
stress hormones, within a few days.19 Although only a 
few studies have been published with suggestive but 
mixed results, the overall evidence to date tends to 

support that SNS activation endures (at least to some 
degree) over long-term periods, so long as ongoing 
exposures persist. More definitive evaluations are war-
ranted to verify this contention for several reasons be-
yond advancing scientific knowledge alone. Persistent 
SNS activation could be playing a mechanistic role in 
the development of chronic diseases linked to air pol-
lution (hypertension, diabetes mellitus, and heart fail-
ure).1 It is therefore possible that approaches known to 
reduce chronic SNS activity (eg, weight loss, exercise, 
and meditation) might prove to be viable long-term 
preventive strategies and/or antisympathomimetic 
medications might be helpful when used prophylac-
tically, such as for high-risk people during travel to re-
gions with poor air quality.20

A useful construct to visualize the mechanisms 
responsible for activation of the SNS in response 
to air pollution may be to consider that the rele-
vant pathways for initiation and maintenance likely 
differ according to the temporal windows of ex-
posure (Figure). Although some of pathways are 
well validated, others remain largely speculative.1 
Experimental animal models have shown that the 
short-term triggering of autonomic reflex arcs may 
follow the inhalation of pollutants and chemicals by 
activation of a variety of irritant receptors in the lung.1 

Figure.  Potential pathways responsible for air pollution–induced autonomic imbalance and the health consequences.
AT-2 indicates angiotensin-2; BP, blood pressure; CHF, congestive heart failure; CNS, central nervous system; DEP, diesel exhaust 
pollution; ET-1, endothelin-1; HPAA, hypothalamic pituitary adrenal axis; HR, heart rate; MI, myocardial infarction; NE, norepinephrine; 
PM, particulate matter; PSNS, parasympathetic nervous system; SNS, sympathetic nervous system; TRP, transient receptor potential; 
and UFP, ultrafine particle.
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Long-term PM exposure, akin to a high-fat diet, may 
lead to persistent activation of the SNS through in-
flammation in the arcuate nucleus of the hypothala-
mus via nuclear factor-κB pathways and presynaptic 
α 2A receptors in the brain, resulting in increased 
efferent sympathetic outflow and persistence of hy-
pertension.1 Air pollutants have also been shown 
to increase endothelin-1, angiotensin II, as well as 
circulating adrenal catecholamine and corticoste-
roid levels by several mechanisms.1 Each in turn is 
known to potentiate sympathetic neural activity at 
varied anatomic levels and could theoretically play a 
role in PM-induced SNS hyperactivity or its mainte-
nance over subacute periods. Recent data suggest 
that short-term ultrafine PM and ozone exposure 
may raise plasma norepinephrine levels by reducing 
presynaptic neuronal reuptake and degradation.10 It 
is possible that inhaled nanoparticles or metals that 
reach the systemic circulation may be responsible 
for this as they have been shown to alter ion chan-
nels and receptor signaling. Recent data also show 
that air pollutants can unfavorably alter the gas-
trointestinal microbiome. There are well-described 
enteric-to-central nervous system efferent nerves, 
and it is conceivable that air pollutants might chron-
ically increase SNS activity in this manner. We also 
cannot exclude the possibility of other undiscovered 
pathways. Further research is warranted to better 
understand the complex biological relationships be-
tween air pollution and the SNS. More important, 
failing to account for acute and possibly chronic 
autonomic effects of ubiquitous air pollutants could 
confound investigations into the biology of the SNS 
in many other scientific fields.

In closing, the fact that DEP can activate the SNS 
within minutes of exposure has important public health 
and regulatory implications as it further bolsters the 
mechanistic foundation for many epidemiologic studies 
that have linked traffic exposure4,5 and/or inhalation of 
DEP (eg, ultrafine PM)5,16 with adverse cardiovascular 
events.11,13–16 This study may thus serve as an exhorta-
tion for reconsideration of current air pollution standards 
that target only daily and annual levels of fine PM, do 
not regulate ultrafine particles, and only consider sub-
daily windows of exposure (1–8 hours long) for gaseous 
pollutants (nitrogen oxides, ozone, and sulfur dioxide), 
largely to protect against pulmonary health effects. 
Regulation of ultrafine particle concentrations and/or 
shorter temporal windows of fine PM averages have 
been matters of debate in the past, including society-
wide logistical difficulties of monitoring and achieving 
improvements. However, mounting evidence,1,4,5,11–16 in-
cluding the new findings by Rankin et al,8 supports that 
some action in this regard may be required to optimally 
protect the most susceptible and vulnerable individuals 
from the health effects of air pollution.
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