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Cardiovascular and Blood Oxidative Stress Responses to
Exercise and Acute Woodsmoke Exposure in
Recreationally Active Individuals
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Dylan Richmond, MS; Kesley Wood, BS; Tiffany S. Quindry, BS; Charles L. Dumke, PhD; John C. Quindry, PhD
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Introduction—Those who work and recreate outdoors experience woodsmoke exposure during ﬁre
season. Exercise during woodsmoke exposure harms the cardiovascular system, but the acute physiologic and biochemical responses are understudied. The purpose of this pilot laboratory-based study
was to examine the effect of exercise during woodsmoke exposure on acute indicators of cardiovascular
function, including heart rate variability (HRV), pulse wave velocity (PWV), blood pressure (BP),
augmentation index (AIx), and blood oxidative stress.
Methods—Ten participants performed 2 moderate-intensity exercise (70% V̇O2 max) trials (clean air
0 μg·m-3, woodsmoke 250 μg·m-3) in a crossover design. HRV, PWV, BP, AIx, and blood oxidative
stress were measured before, after, and 90 min after exercise for each trial. Blood oxidative stress
was quantiﬁed through lipid damage (LOOH, 8-ISO), protein damage (3-NT, PC), and antioxidant capacity (TEAC).
Results—A 45-min woodsmoke exposure combined with moderate-intensity exercise did not result
in a statistically signiﬁcant difference in HRV, PWV, BP, AIx, or oxidative stress (P>0.05).
Conclusions—Despite the known deleterious effects of smoke inhalation, moderate-intensity aerobic
exercise while exposed to woodsmoke particulate matter (250 μg·m-3) did not result in a statistically signiﬁcant difference in HRV, PWV, or blood oxidative stress in this methodologic context. Although ﬁndings do not negate the negative impact of woodsmoke inhalation, additional research approaches are
needed to better understand the acute effects of smoke exposure on the cardiovascular system.
Keywords: air pollution, free radicals, antioxidants, autonomic recovery, parasympathetic recovery,
arterial stiffness

Introduction
Smoke inhalation from biomass combustion is a public
health problem in the western United States owing to
frequent and large-scale wildﬁres.1 Health dangers are
associated with biomass particulate matter (PM) inhalation, including airborne particles ≤2.5 microns in diameter (PM2.5). Populations affected by PM2.5 include
wildland ﬁreﬁghters and those who exercise outside.2
Exercise ventilatory rates elevate the inhaled PM2.5
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dose, and smoke inhalation dose is proportional to the
PM2.5 concentration, duration of exposure, and ventilatory rates associated with activity.3 Accordingly, this
approach for estimating woodsmoke inhalation doses is
currently untested in laboratory assessments where the
acute impacts on cardiovascular function can be
determined.
Long-term smoke inhalation elevates the risk for cardiovascular mortality by 0.4 to 1.0% with an incremental
increase of only 10 μg·m-3 above the mean 24-h PM2.5
concentration.4 Furthermore, chronic PM2.5 inhalation is
associated with reduced life expectancy and increased
rates of cardiovascular disease.4 How the long-term
consequences of smoke inhalation are reﬂected by acute
physiologic and biochemical responses to smoke
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inhalation is relatively understudied. Preliminary ﬁndings
in this regard indicate that pathophysiologic mechanisms
include perturbations in autonomic dysregulation, mitigated cardiovascular control, systemic inﬂammation, and
oxidative stress.4 Cardiovascular and autonomic control
can be quantiﬁed by heart rate variability (HRV), pulse
wave velocity (PWV), and resting blood pressure (BP).
HRV is prognostic of cardiovascular health when HRV
recovery after physiologic stressors is delayed.5 In some
experimental context, HRV is reduced by woodsmoke
inhalation, suggesting a concomitant decline in autonomic tone.6,7 PWV and blood oxidative stress also
provide further insight into acute physiologic changes
after exercise with woodsmoke exposure.
We examined the effect of exercise on acute woodsmoke inhalation using a laboratory-based pilot investigation. Key dependent variables included metrics of
cardiovascular function (HRV, PWV) and a blood
oxidative stress panel to gauge associations between
woodsmoke inhalation and cardiovascular control. This
approach was based on prior investigations that demonstrated physiologic perturbations at PM2.5 inhalation
dosages of 250 μg·m-3,8,9 or “very unhealthy” according
to the air quality index. We hypothesized that moderateintensity exercise during a 45-min woodsmoke exposure
at 250 μg·m-3 would decrease HRV, elevate PWV, and
amplify blood oxidative stress.

Methods
University of Montana institutional review board and
participant informed consent was obtained before data
collection. Inclusion criteria dictated a V̇O2 max of ≥40.0
mL·kg-1·min-1. The presence of limiting orthopedic
problems, smoking (previous 6 mo), or diagnosed cardiovascular, pulmonary, or metabolic diseases (determined by the physical activity readiness questionnaire)
resulted in exclusion from the study.10
The study used a crossover design. Data collection
started between 0600 and 0900 on 3 occasions with a
minimum of 7 d separating visits to allow for a wash-out
period after smoke exposure. Participants fasted for 10 h,
abstained from alcohol and exercise for 24 h, and avoided
caffeine for 12 h before testing. The ﬁrst laboratory visit
consisted of study orientation, body composition measurements, and a V̇O2 max cycling test. The 2 exposure
trials were performed in ﬁltered air (0 μg·m-3) and
woodsmoke (250 μg·m-3) during 45 min of cycling at
70% V̇O2 max. Measurements of HRV, PWV, augmentation index (AIx), BP, pulmonary function (PF), and
blood sampling for oxidative stress were conducted
before (PRE), immediately after (IPE), and 90 min

Williamson-Reisdorph et al
postexercise (90-P) (Figure 1). The battery was
completed within 30 to 45 min. All IPE measurements
were collected within 45 min of the cessation of exercise,
and all 90-P measurements were collected between 90
and 120 min after completion of exercise.
Body composition was measured via hydrostatic
weighing (Exertech, Dresbach, MN). Values were corrected for residual lung volume (residual lung volume=(0.01115·Age)+(0.019·Height)–2.24) and body
volume estimates were converted to percent body fat
using the Siri Equation.11 The V̇O2 max test was performed on a cycle ergometer (Velotron, Spearﬁsh, SD)
after a 5-min warmup at 50 W and transitioned into a
ramp protocol (resistance +1 W/2 s until <60 rpm
occurred). Expired gas was sampled using indirect calorimetry (Cosmed Quark CPET, Concord, CA).
Exposure trials were conducted at the inhalation and
pulmonary physiology core at the Center for Environmental Health Sciences at the University of Montana.
Fires were generated using an in-line inhalation system
woodstove stoked with western larch (Larix occidentalis
Nutt). Fires were prepared 30 min before exercise using 1
kg of wood and kindling and were stoked with 300 g of
wood every 15 min throughout the trial.
Participants kept a nutritional log for 24 h before each
session and repeated dietary practices for each trial. Participants were exposed to ﬁltered air (0 μg·m-3) and
woodsmoke (250 μg·m-3) in a crossover design while
exercising. Exposures were alternated and conducted in
a blinded fashion. A third-party core-laboratory researcher
was aware of the exposure condition until the conclusion
of data collection. PM2.5 levels were monitored continuously, and woodsmoke concentrations were maintained
with PM2.5 monitors (DustTrak, TSI, Model 8530,
Shoreview, MN). Participants breathed through a modiﬁed
mask to deliver woodsmoke. Exercise consisted of cycle
ergometry at 70% V̇O2 max (Monark 828E, Langley, WA)
for 45 min. HRV, PWV, AIx, BP, PF, and blood samples
were collected at PRE, IPE, and 90-P. PRE and 90-P
measurements were collected in the following order: HRV,
PWV, AIx, BP, PF, and blood samples. IPE measurements
were collected in the same order, except the blood samples
were taken before HRV measurements and immediately
after the cessation of exercise. When collecting IPE and
90-P measurements, researchers were blind to the pre-exercise values until the time of analysis.
HRV indices included the root mean square of successive differences (RMSSD), high frequency (HF), low
frequency (LF), and the ratio LF:HF, as based on established methods.5,12 Participants tested in a quiet, dimly lit
room in supine position on an examination table. ECG
electrodes were placed in a modiﬁed limb lead conﬁguration using an iWorx system (iWorx, Dover, NH). Three
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Figure 1. Experimental design. A crossover design was used for the investigation to examine differences in cardiovascular and oxidative responses
with exposure to either ﬁltered air (0 μg·m-3) or woodsmoke (250 μg·m-3).

10-min recordings were obtained (PRE, IPE, and 90-P),
and the last 5-min segment was used for analysis on
Kubios software (Kubios, V 2.2, Joensuu, Finland). As
an a priori decision, all 4 HRV metrics would need to be
altered by exposure to be considered physiologically
signiﬁcant, owing to the interrelational nature of the
assessment.
PWV, AIx, and BP were obtained using the SphygmoCor XCEL device (Atcor Medical, Sydney, Australia)
after 10 min of supine rest. Right side measurements
were recorded until 3 values were obtained within 0.5
m·s-1. The femoral cuff was placed around the upper
thigh, and carotid pulse was identiﬁed using applanation
tonometry. PWV between the carotid and femoral arteries
was calculated based on the arterial stiffness formula:
PWV=distance (m)/transit time (s).
Blood was collected via venipuncture through an
antecubital vein. Samples were collected in 10-mL heparinized tubes and immediately centrifuged at 1500 rpm
for 15 min at 4◦ C, aliquoted, and stored at –80◦ C until
assayed.
A panel of blood oxidative stress markers was
measured for lipid (lipid hydroperoxides, LOOH, 8-isoprostane, 8-ISO) and protein damage (protein carbonyls,
PC and 3-nitrotyrosine, 3-NT). Trolox equivalent antioxidant capacity (TEAC) was used as a marker of antioxidant
status. Samples were subjected to a single freeze-thaw
cycle and were kept on ice in the dark to prevent redox
alterations.
TEAC assays were performed to measure antioxidant
scavenging of 2,2á-azinobis-(3-ethyl-benzo-thiazoline-6sulfonic acid) radical anions using a colorimetric reaction. Calculated TEAC values from unknown samples
were compared to standard reactions with the water-soluble vitamin E analogue Trolox.13

Plasma LOOH were measured by the ferrous oxidation-xylenol orange assay using absorbance spectroscopy
at a wavelength of 595 nm and compared with cumene
hydroperoxide standards.14 8-ISO was assessed using
a commercially available enzyme-linked immunosorbent
assay kit according to the manufacturer’s guidelines
(Cayman Chemical, Ann Arbor, MI).
Oxidative protein damage was quantiﬁed using
absorbance spectroscopy according to the established
methods of Bradford,15 followed by a commercially
available enzyme-linked immunosorbent assay kit (Enzo
Life Sciences, Farmingdale, NY and Cell Biolabs INC,
San Diego, CA).
PF, a secondary variable, was assessed by forced vital
capacity (FVC) and maximal voluntary ventilation
(MVV, performed for 12 s) tests using a spirometer (MIR
Spirobank, Elicott City, MD), with participants tested in
the seated position. Participants were provided with
verbal encouragement during PF tests. Data were
analyzed using the WINSPIRO Pro software (Version
7.8, Ellicott City, MD).
A series of exposure × time repeated-measures analysis
of variance with a Bonferroni correction was performed to
compare the differences in mean values. The general linear
model function was used in statistical software (V.25.0,
SPSS Inc., Chicago, IL) for all analyses. A criterion alpha
level of P≤0.05 was used to determine statistical signiﬁcance. Data are reported as mean±SD. When analyzing
HRV, to satisfy the normality assumption, a natural logarithmic transformation was performed on RMSSD, HF,
and LF, and these were reported as lnRMSSD, lnHF, and
lnLF before statistical analysis. The aim of the study was
to determine if woodsmoke exposure during moderateintensity exercise results in deleterious effects on variables
of cardiovascular function.
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Results

Table 2. Variables of cardiovascular function

Ten active individuals (male: n=7, female: n=3)
completed the study. Participant characteristics are presented in Table 1.
No interaction effect was observed for HR (P=0.965)
or recovery of HR (P=0.784). No statistically signiﬁcant
difference was observed in HR during the exposure trials
(P=0.541) or during the recovery of HR (P=0.734). HR
was elevated similarly during the experimental trials. HR
responses across the trial (Table 2), when comparing rest
to IPE and 90-P, indicated a time effect whereby IPE was
elevated (P<0.001). Average HR values returned to
baseline at 90-P (P=0.06).
HRV was quantiﬁed for lnRMSSD, lnHF, lnLF, and
LF:HF (Table 2). Analysis of lnRMSSD, lnHF, lnLF, and
the LF:HF ratio indicated no interaction effects
(lnRMSSD: P=0.912; lnHF: P=0.148; lnLF: P=0.905;
LF:HF: P=0.109) and no between-trial differences
(lnRMSSD: P=0.685; lnHF: P=0.843; lnLF: P=0.275;
LF:HF: P=0.057); however, a main effect of time was
observed (lnRMSSD: P=0.001; lnHF: P=0.003), indicating that parasympathetic activity was reduced in
response to exercise. A signiﬁcant reduction occurred at
IPE (lnRMSSD: P=0.016; lnHF: P=0.005), with a recovery of both indices by 90-P (P>0.99). lnLF demonstrated a time effect (P=0.039). At 90-P, lnLF was lower
than IPE (P=0.026) and pre-exercise values. Finally,
examination of the LF:HF ratio indicated no time effect
(P=0.189).
Analysis of PWV and AIx (Table 2) indicated no
interaction effect (PWV: P=0.909; AIx: P=0.626), trial
effect (PWV: P=0.856; AIx: P=0.136), or time effect
(PWV: P=0.975; AIx: P=0.192), indicating that these
markers were not signiﬁcantly different. No statistical
difference was observed in brachial BP for trial (SBP:
P=0.883; DBP: P=0.769) or time (SBP: P=0.293; DBP:
P=0.705).
Blood oxidative stress (Table 3) analyses indicated no
interaction (P=0.699) trial (P=0.505), or time effect
(P=0.711) on PC, indicating that the protein damage

Table 1. Participant characteristics
Characteristic

n=10 Males
(n=7)

Age (y)
Height (cm)
Weight (kg)
Body fat (%)
V̇O2 max (mL·kg-1·min-1)

30±11
176±9
76±12
19±9
44±4

Data presented as mean±SD.

31±13
182±5
83±7
17±9
46±4

Females
(n=3)
27±2
165±1
62±1
24±7
41±1

Marker

Filtered Woodsmoke Main Interaction
effect
effect
air trial trial
P
P
Mean±SD

Heart rate
(beats·min-1)
PRE
53±7
IPE
68±9
90-P
57±8
lnRMSSD (ms)
PRE
4.3±0.6
IPE
3.6±0.6
90-P
4.2±0.5
lnHF (ms2)
PRE
7.5±1.4
IPE
6.0±1.3
90-P
7.2±1.1
lnLF (ms2)
PRE
7.3±1.2
IPE
6.4±1.2
90-P
7.2±1.1
LF:HF
PRE
1.0±0.5
IPE
2.5±1.8
90-P
1.9±1.6
PWV (m·s-1)
PRE
5.9±1.3
IPE
5.8±1.4
90-P
6.1±1.2
Augmentation
index (%)
PRE
7.3±5.5
IPE
9.2±12.5
90-P
5.7±3.0

49±11
72±10
55±9

0.734

0.784

4.3±0.5
3.6±0.5
4.3±0.6

0.685

0.912

7.3±1.1
5.7±1.3
7.5±1.3

0.843

0.148

7.4±1.2
6.6±0.9
7.4±0.9

0.275

0.905

1.2±1.0
4.2±3.6
1.7±1.3

0.057

0.109

5.4±1.3
5.8±1.2
6.0±1.3

0.856

0.909

3.6±8.9
7.7±8.0
3.6±9.7

0.136

0.626

90-P, 90 min postexercise; HF, high frequency; IPE, immediately after
exercise; LF, low frequency; PRE, before exercise; PWV, pulse wave
velocity; RMSSD, root mean square of successive differences.

marker was not statistically different with exposure or
exercise. 3-NT and LOOH data revealed no interaction (3NT: P=0.784; LOOH: P=0.126) or time effect (3-NT:
P=0.426; LOOH: 0.159); however, a main effect for trial
was observed (3-NT: P=0.046; LOOH: P=0.011). 8-ISO
demonstrated no interaction effect (P=0.800), trial effect
(P=0.296), or time effect (P=0.158). Antioxidant capacity
demonstrated a time effect (P=0.009), but no effect of trial
(P=0.068) or interaction effect (P=0.234). TEAC was
elevated at IPE (P=0.002) and 90-P (P=0.003). Similarly,
for blood antioxidant potential, there was a time effect
(P=0.026), with an elevation at IPE (P=0.003) that
returned to pre-exercise values by 90-P (P=0.06).
The secondary PF data are presented in Table 4. For
FVC, there was no interaction (P=0.700), trial
(P=0.632), or time effect (P=0.555). Similarly, FEV1 and
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Table 3. Variables of oxidative stress
Marker

Filtered air trial

Woodsmoke trial

Mean±SD

Main effect
P

Interaction effect
P

-1

Protein carbonyl (nmol·mg )
PRE
IPE
90-P
3-Nitrotyrosine (μg·mL-1)
PRE
IPE
90-P
Lipid hydroperoxides (μmol·L-1)
PRE
IPE
90-P
8-Isoprostane (pg·mL-1)
PRE
IPE
90-P
TEAC (μmol·L-1)
PRE
IPE
90-P

0.18±0.03
0.20±0.03
0.18±0.03

0.17±0.02
0.17±0.02
0.17±0.02

0.505

0.699

3.4±2.1
3.8±2.4
3.1±2.3

3.0±1.6
3.3±2.3
2.8±1.6

0.426

0.784

1.7±1.6
2.5±2.1
2.6±1.9

3.3±1.6
4.0±2.0
3.2±2.1

0.159a

0.126

18.8±9.6
24.9±12.5
24.3±13.5

22.2±12.2
31.3±26.1
28.8±23.6

0.296

0.800

112.7±12.3
135.5±14.8
125.2±16.3

109.9±10.4
118.4±19.8
120.9±16.4

0.068

0.234

90-P, 90 min postexercise; IPE, immediately after exercise; PRE, before exercise; TEAC, Trolox equivalent antioxidant capacity.
a
Signiﬁcant main effect.

FEV1/FVC exhibited no interaction (FEV1: P=0.373;
FEV1/FVC: P=0.464), trial (FEV1: P=0.940; FEV1/

FVC: P=0.694), or time effect (FEV1: P=0.406; FEV1/
FVC: P=0.723). MVV also demonstrated no interaction
(P=0.800), trial (P=0.667), or time effect (P=0.068).

Table 4. Pulmonary function variables
Variable

Woodsmoke trial

Filtered air trial

n=10

n=10
Mean±SD

FVC (L)
PRE
IPE
90-P
FEV1 (L)
PRE
IPE
90-P
FEV1/FVC (%)
PRE
IPE
90-P
MVV (L·min-1)
PRE
IPE
90-P

5.07±0.28
5.03±0.26
5.02±0.26

5.04±0.25
5.10±0.25
5.07±0.25

4.03±0.21
4.09±0.22
4.05±0.20

4.02±0.19
4.05±0.21
4.09±0.20

80±2
81±2
81±2

80±2
80±2
81±1

146±12
159±14
141±12

146±10
159±10
149±11

90-P, 90 min postexercise; FVC, forced vital capacity; FEV1, forced
expiratory volume in 1 s; IPE, immediately after exercise; MVV,
maximal voluntary ventilation; PRE, before exercise.

Discussion
Long-term woodsmoke inhalation is damaging to the
cardiovascular system, but the acute effects of smoke
exposure are not well understood. Recreational exercisers, wildland ﬁreﬁghters, and persons with chronic
outdoor exposure during wildﬁre season are at risk for
long-term cardiovascular health consequences.8,9
Accordingly, using a laboratory-based pilot investigation, we examined the acute effects of exercise and
woodsmoke-inhalation (PM2.5 250 μg·m-3) on the primary variables of HRV, PWV, and oxidative stress.
Indeed, inhalation of concentrated smoke (250 μg·m-3)
elicits inﬂammation and oxidative stress response known
to be deleterious to cardiovascular health.9,16 Although
chronic smoke inhalation is detrimental to long-term
cardiovascular function, our acute physiologic (HRV,
PWV) and biochemical blood markers of oxidative stress
were not statistically different between the smoke inhalation and ﬁltered air challenges. This unexpected ﬁnding
highlights the scientiﬁc importance of identifying acute
physiologic and biochemical metrics that may better
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inform the long-term consequences of woodsmoke
inhalation. We interpret these negative ﬁndings to have
been inﬂuenced by the experimental context in which the
laboratory-based investigation was conducted, attributing
potential causation to the following methodologic factors:
1) examination of a population—young, apparentlyhealthy subjects—presumably more resilient to this
smoke inhalation challenge; 2) methodologic constraints
(eg, sampling time points and selection of biochemical
variables); 3) small sample size; and 4) insufﬁcient dose,
which did not capture perturbations due to smoke.
A key dependent variable of this investigation was
HRV. Inability to maintain a high resting HRV, or
exhibiting delayed rebound after exposure to a stressor,
predicts an increased risk for mortality and sudden
cardiac death.17 Previous longitudinal ﬁndings demonstrated decreased HRV in those regularly exposed to
woodsmoke PM in occupational settings.7 Notably,
depression of HRV after acute smoke inhalation signals
problematic responses to reoccurring exposure.
Accordingly, we examined HRV after a single woodsmoke challenge in apparently healthy research participants to examine the potential of declines in HRV that
could inform recurrent exposures. Results indicated no
statistically signiﬁcant alterations existed for HRV
(lnRMSSD, lnHF, lnLF, LF:HF) for up to 90 min after
exposure, a ﬁnding that does not discount the deleterious effects of acute smoke inhalation. In contrast to
our ﬁndings, HRV (SDNN, RMSSD, HFnu, and
pNN50) was systematically reduced in 14 subjects after
a 3-h intermittent exercise session with exposure at
~300 μg·m-3,6 This divergent outcome may indicate that
the duration of smoke exposure within the current study
was insufﬁcient to elicit changes, highlighting the need
to identify a woodsmoke exposure (duration and/or
PM2.5 concentration) threshold that perturbs cardiovascular function. Moreover, age, ﬁtness level, and health
status—and the duration of HRV assessment (eg, longer
sampling periods)—should be examined. Previous work
demonstrated that HRV is acutely depressed in woodsmoke-exposed elderly populations.18 Additionally,
postexercise parasympathetic rebound is enhanced in ﬁt
and healthy populations,5 suggesting our sample may
have exhibited preserved HRV as compared to a
sedentary population. Given the disparate outcomes of
this study compared to others, future investigations
should consider longer-duration baseline and postintervention HRV analyses to conﬁrm or refute the
current ﬁndings.
PWV is predictive of elevated cardiovascular event
risk,19 although prior studies have examined the effects
of woodsmoke exposure on PWV with equivocal results.6,20 Our ﬁndings demonstrated that PWV was not
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statistically different after a 45-min exercise session in
ﬁltered air and woodsmoke exposure at 250 μg·m-3, a
ﬁnding that is similar to a prior investigation reporting
negative PWV outcomes 1 h postexercise with an
exposure at 1000 μg·m-3.20 However, PWV has been
demonstrated to increase for up to 25 min after a 3-h
bout of exercise and an exposure of 300 μg·m-3.6
Collectively, PWV may be more responsive to exposures between 1 and 3 h in duration.6,20,21 In support,
a recent study examined the effects of woodsmoke
exposure at 3 different concentrations (100 μg·m-3, 250
μg·m-3, and 500 μg·m-3) under resting conditions,
ﬁnding that PWV was elevated 24 h after all exposures.21 The magnitude of the elevation was similar
across all 3 concentrations, signifying that PWV may
not respond to smoke in a dose-dependent manner.
AIx is an additional variable of arterial stiffness that is
associated with elevated cardiovascular disease risk.22,23
Our data demonstrated that AIx was not statistically
different between the smoke exposure and ﬁltered air trials
for this healthy population. Previous research indicated
AIx was elevated at a slightly higher dose of PM2.5 (~314
μg·m-3) after 3 h of exposure with intermittent exercise6;
however, this response was not replicated when intermittent exercise was performed for 1 h at a PM2.5 dose of
~1000 μg·m-3.20 Although these mixed ﬁndings cannot be
explained currently, there is a proposed association between elevated oxidative stress and increased arterial
stiffness, indicating they may occur in tandem.24 Therefore, the exercise or exposure may require a yet-to-be
determined duration or intensity threshold to elicit a
measurable change in arterial stiffness.
All postexercise oxidative stress variables were not
statistically different between woodsmoke and ﬁltered air
exposures as examined at these selected time points in
healthy research participants. Previous research has
demonstrated that a 1.5-h treadmill bout with woodsmoke
exposure at 500 μg·m-3 resulted in an elevation of 3-NT
immediately after exercise, but did not rise with an
exposure at 250 μg·m-3.8 In agreement with prior work, the
current study indicated no statistically signiﬁcant elevation after 45 min of exercise and smoke (250 μg·m-3),
suggesting that 3-NT may respond in a dose-dependent
manner. Moreover, our negative ﬁndings for PC are
consistent with the previously mentioned study, where
PC was also unaltered by woodsmoke exposure at both
250 μg·m-3 and 500 μg·m-3.8 Importantly, these negative
ﬁndings do not negate the detrimental impact of smoke
inhalation on protein damage markers. By extension, we
may have simply missed the spike in PC, as this marker
has been shown to peak hours or days after the
stressor25,26; thus, the selected sampling time points used
currently may not have captured the peak response.
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Lipid oxidative damage was quantiﬁed via plasma
LOOH and 8-ISO. Previous research demonstrated no
elevation of LOOH after a 1.5-h woodsmoke exposure
during low-intensity exercise8; however, 8-ISO was
elevated immediately after exercise at 2 inhalation doses
(250 μg·m-3 and 500 μg·m-3). Moderate-intensity exercise
(70% V̇O2 max cycling) was selected currently to elevate
ventilatory rates; however, LOOH and 8-ISO were not
statistically different after exercise with PM2.5=250 μg·m-3.
Nonetheless, LOOH is most responsive to high-intensity
exercise,27 suggesting that our exercise modality and PM2.5
dose were insufﬁcient to elicit elevations.
TEAC was also examined after exercise and woodsmoke exposure; however, it was not statistically
different between woodsmoke and ﬁltered air exposures.
Previous work examined the TEAC response to higher
woodsmoke exposure (average 375 μg·m-3) during a 1.5h bout of treadmill walking and found TEAC was
elevated in response to woodsmoke exposure.8 However,
when the prior 250 μg·m-3 exposure trial was examined
alone, TEAC was not elevated in response to the exposure, in agreement with our TEAC values after a 45-min
exposure at 250 μg·m-3. These collective ﬁndings indicate
that TEAC may be responsive to woodsmoke exposure in
a dose-dependent manner. Overall, we did not observe a
statistically signiﬁcant increase in postexercise oxidative
stress markers between smoke inhalation and ﬁltered air,
which suggests that these markers respond differently
based on exposure dose and duration, in addition to exercise intensity. We interpret this ﬁnding to indicate that
our methodologic approach (eg, exercise dose, population, and sampling time points) did not elicit oxidative
changes, a ﬁnding that would have otherwise been present in multiple markers across our oxidative stress panel.
PF was examined as a secondary group of variables in
our healthy sample population. Findings indicated that
FVC, FEV1, and MVV were not statistically different for
either exercise or exposure. Importantly, these ﬁndings
are consistent with previous work that demonstrated no
changes in FVC, FEV1, or MVV after a 1.5-h exposure
during treadmill walking9 and highlights the fact that
although smoke inhalation is clearly detrimental to longterm health,28 acute physiologic responses to exposure
may not always result.
LIMITATIONS
Study limitations include the nature and size of the
sample. Owing to the age range, ﬁtness level, and overall
health of the examined sample, inferences that can be
drawn from these results are limited proportionately.
Thus, it is plausible that these methods, if applied to more
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susceptible populations (eg, age, chronic conditions),
may have produced alternative outcomes for our grouped
outcome measures of HRV, PWV metrics, and oxidative
stress markers. Furthermore, female participants were
underrepresented within this study (n=3) and the potential confounding inﬂuence of hormonal alterations (eg,
menstrual cycle or contraceptive use) was not considered.
For this reason, conclusions about female-speciﬁc responses cannot be drawn from the results of the current
study. Furthermore, the dose of woodsmoke exposure
may been insufﬁcient to elicit adverse effects on the
selected variables. The study design was predicated on
the notion that a 7-d washout period is sufﬁcient for the
assessment of acute physiologic responses to smoke
exposure, an assumption that should be conﬁrmed with
future investigations. Additionally, the study examined
only 1 modality, duration, and intensity of exercise,
limiting the application of these ﬁndings to similar
exercise.
Conclusions
Chronic woodsmoke exposure is linked to negative
health effects on cardiovascular control and oxidative
stress, although the inﬂuence of acute smoke inhalation
effects are not well deﬁned. The current study quantiﬁed
the acute effects of 45 min of exercise during woodsmoke
exposure (250 μg·m-3) on markers of HRV, arterial
stiffness, and oxidative stress; however, there were no
statistically signiﬁcant differences observed as compared
to ﬁltered air. Given the undeniable link between chronic
smoke inhalation and cardiovascular health, we interpret
the negative ﬁndings of the current study to have been
limited by the experimental context in which the laboratory-based study was conducted. Future research
should examine the threshold for duration, dose, and/or
frequency of smoke exposure needed to produce acute
perturbation in these parameters. Moreover, the health
and ﬁtness status of the investigated population may alter
the exposure thresholds, meaning that participant age,
training status, medical conditions, and sex-dependent
differences should also be considered in future study
designs.
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