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RESEARCH ARTICLE

Don’t Deny Your Inner Environmental Physiologist: Investigating Physiology with Environmental
Stimuli

E-cigarette aerosol impairs male mouse skeletal muscle force development and
prevents recovery from injury

Leonardo Nogueira,1,5 Alice E. Zemljic-Harpf,2,3 Raihana Yusufi,1 Maryam Ranjbar,4

Christopher Susanto,4 Kechun Tang,3 Sushil K. Mahata,1,3 Patricia A. Jennings,4 and Ellen C. Breen1
1Department of Medicine, University of California, San Diego, La Jolla, California; 2Department of Anesthesiology, University
of California, San Diego, La Jolla, California; 3Veterans Affairs San Diego Healthcare System, San Diego, California;
4Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, California; and 5School of Exercise
and Nutritional Sciences, College of Health and Human Services, San Diego State University, San Diego, California

Abstract

To date, there has been a lag between the rise in E-cigarette use and an understanding of the long-term health effects.
Inhalation of E-cigarette aerosol delivers high doses of nicotine, raises systemic cytokine levels, and compromises cardiopulmo-
nary function. The consequences for muscle function have not been thoroughly investigated. The present study tests the hypoth-
esis that exposure to nicotine-containing aerosol impairs locomotor muscle function, limits exercise tolerance, and interferes with
muscle repair in male mice. Nicotine-containing aerosol reduced the maximal force produced by the extensor digitorum longus
(EDL) by 30%–40% and, the speed achieved in treadmill running by 8%. Nicotine aerosol exposure also decreased adrenal and
increased plasma epinephrine and norepinephrine levels, and these changes in catecholamines manifested as increased muscle
and liver glycogen stores. In nicotine aerosol exposed mice, muscle regenerating from overuse injury only recovered force to
80% of noninjured levels. However, the structure of neuromuscular junctions (NMJs) was not affected by e-cigarette aerosols.
Interestingly, the vehicle used to dissolve nicotine in these vaping devices, polyethylene glycol (PG) and vegetable glycerin (VG),
decreased running speed by 11% and prevented full recovery from a lengthening contraction protocol (LCP) injury. In both types
of aerosol exposures, cardiac left ventricular systolic function was preserved, but left ventricular myocardial relaxation was
altered. These data suggest that E-cigarette use may have a negative impact on muscle force and regeneration due to compro-
mised glucose metabolism and contractile function in male mice.

NEW & NOTEWORTHY In male mice, nicotine-containing E-cigarette aerosol compromises muscle contractile function, regenera-
tion from injury, and whole body running speeds. The vehicle used to deliver nicotine, propylene glycol, and vegetable glycerin,
also reduces running speed and impairs the restoration of muscle function in injured muscle. However, the predominant effects
of nicotine in this inhaled aerosol are evident in altered catecholamine levels, increased glycogen content, decreased running
capacity, and impaired recovery of force following an overuse injury.

exercise; lengthening contraction; neuromuscular; vaping

INTRODUCTION

The popularity of E-cigarette use in the past several years
has been alarming (1, 2). This became evident in 2018 with a
rapid rise in lung injury, referred to as E-cigarette and vaping
product-associated lung injury (EVALI), which presented a
mortality greater than 2% (3). Youth that use E-cigarettes or
traditional tobacco cigarettes, particularly dual users, have
been reported to abstain from moderate or vigorous physical
activity (4). Whether pathological changes in striated muscle
contribute to this exercise avoidance are not well understood.

Furthermore, the long-term consequences of inhaling these
high levels of nicotine in a heated aerosolizedmixture of pro-
pylene glycol (PG), vegetable glycerin (VG) along with artifi-
cial flavoring and unknown contaminants has not been fully
interrogated.

E-cigarette use is associated with several systemic effects
that include inflammation, oxidative stress, and altered cen-
tral nerve activity (5–17). Activation of these processes can
impact cardiac function by inducing carotid artery and aor-
tic stiffness and increasing sympathetic nerve activity. These
cardiovascular changes can stimulate abnormal heart rate
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variability and sustained increases in blood pressure (17–24).
Chen et al. (25) recently reported that mice exposed to E-cig-
arette aerosol containing 5 mg/mL of nicotine and artificial
flavoring over a short-term period of 14 days demonstrated
impaired exercise performance in tests of grip strength and
swimming endurance that was accompanied by decreased
liver and muscle glycogen content. Previous studies have
demonstrated differential effects of acute versus chronic nic-
otine and adrenergic stimuli on glucose metabolism and gly-
cogen storage (26, 27). Chronic nicotine itself has been
reported to increase the release of catecholamines that can
alter glucose uptake and glycogenolysis and contribute to
muscle weakness (28–30). Chronic stimulation by nicotine
also modifies skeletal muscle Na-K-ATPase activity through
its interaction with neuronal-type acetylcholine receptors
(nAChRs) located both on central motor neurons and periph-
eral myofibers (31, 32). Smoking traditional tobacco ciga-
rettes, the most widely used nicotine delivery device, has
been shown to lead to changes in peripheral muscle atrophy,
oxidative to glycolytic fiber-type transition, capillary regres-
sion, and altered myofiber calcium handling, which contrib-
ute to reduced exercise performance (33–35). These changes
in myofiber structure and function are thought to be pre-
ceded by degeneration of the neuromuscular junctions
(NMJs) that innervate locomotor myofibers (36). However,
the effect of E-cigarette components, with known changes in
vascular networks, inflammatory cytokines, and reactive ox-
ygen species, in addition to very high nicotine levels, on
muscle function has not been fully elucidated.

In this study, we hypothesized that the high levels of
nicotine, delivered through the inhalation of E-cigarette
aerosol, would impair the degeneration-regeneration
process of peripheral NMJs, decrease muscle force, and
limit exercise tolerance. This was tested by measuring
treadmill running exercise performance, cardiac func-
tion by echocardiogram, and isolated muscle contractile
function in noninjured and regenerating muscles in male
mice. Changes in adrenal gland and plasma catechol-
amines that could regulate glycogen stores in the liver
and peripheral muscles were measured. The integrity of
the peripheral neuromuscular transmission system was
evaluated by morphometric analysis of the NMJs.

MATERIALS AND METHODS

Ethical Approval

This study was approved by the University of California,
San Diego Animal Care and Use Committee (Protocol No.
S01144) and complies with the American Physiological
Society’s Guiding Principles in the Care and Use of
Vertebrate Animals in Research and Training. Male B6.Cg-
Tg(Thy1-YFP)16Jrs/J mice (2–4 mo of age) from The Jackson
Laboratory (Cat. No. 003709) were housed 3–4 per cage in a
pathogen-free vivarium, maintained on a 12:12-h day-night
cycle and provided standard chow (Harlan Tekland 8604,
Madison, WI) and tap water ad libitum. Mice were randomly
assigned to nonexposed (n = 22 mice), PG/VG (n = 15 mice),
and PG/VG þ Nicotine (n = 16 mice) groups. Mice were exer-
cise tested before the exposure protocols. They were again
exercise tested at the 3-mo time point before being subjected

to a lengthening contraction protocol (LCP). After all func-
tional assessments were completed at 4 mo, mice were eu-
thanized by surgical removal of the heart while under
anesthesia (ketamine:xylazine, 100:10 mg/kg ip). All experi-
menters were blinded to the exposure groups.

Exposure to E-Cigarette Aerosol

Mice were exposed using the In Expose System with a
whole body chamber (total volume of 5 L divided into 16
compartments) from SCIREQ (Montreal, QC, Canada). Mice
were exposed to E-liquid that was heated and aerosolized in
a SUBTANK Plus 7.0 mL from Kanger Tech [Shenzhen,
China (1.8 Ohm) and attached to a rechargeable lithium-ion
battery (2.5–4.1 V)]. All components and dispensers were
obtained from Xtreme Vaping. The E-cigarette aerosol was
generated from liquid containing 6 mg/mL of nicotine
(Sigma, No. N3876), which is commonly utilized by E-ciga-
rettes users and is on the low end of the nicotine range (37),
in 30% PG (Sigma Aldrich, No. 134368) and 70% VG (Sigma
Aldrich, No. G7757). The ratio of PG/VG is often recom-
mended for E-cigarette users of tank systems. In a separate,
whole body chamber, additional mice were exposed to aero-
sol without nicotine (PG/VG). For some experiments, mice
were placed in a third whole body chamber and exposed to
room air (AIR). Nonexposed mice that remained in their
cages were also used as a control group. Mice were exposed
for 4 s out of every 20 s (12 s/min total) at a flow rate of �3 L/
min for 30min, then allowed a fresh-air period of 30min fol-
lowed by a second 30-min vaping period. Mice were exposed
5 days each week for 4 mo. Previous studies from our group
utilizingmalemice revealed that tobacco cigarette smoke ex-
posure impairs skeletal muscle contractile function starting
at 2 mo of exposure and reaching a steady state at 4mo of ex-
posure (33, 34). Different e-liquid tanks and exposure cham-
bers were used for each group to avoid cross contamination.

Treadmill Exercise Test

Two days before each exercise test, mice were familiarized
on a treadmill (model CL-4, Omnitech, Columbus, OH) by
running for 10 min at 10–15 cm/s on a 10� incline. Maximal
speed was measured by running each mouse at 33 cm/s for 1
min and increasing the speed by 3–4 cm/s each minute until
exhaustion. Mice were deemed exhausted at the point in
which they could not remain on the treadmill and sat on the
shock grid (�0.3 mA) for 8 s. Mice were tested before the ex-
posure protocol was initiated and 3 months later (before the
LCP).

Lengthening Contraction Protocol

Mice were anesthetized with 2.5% isoflurane. The right leg
was shaved. The mice were then placed in a supine position
in a home-built LCP system and maintained under 1.0% to
1.5% isoflurane. The right knee was secured in place and the
right foot was attached to a lever plate. Electrodes were
placed on either side of the common peroneal nerve, which
innervates the anterior crural muscles including the tibialis
anterior (TA) and the extensor digitorum longus (EDL).
Correct electrode placement was confirmed by a single train
(300 ms trains, 2 V, 0.5 ms square-waved pulses, 100 Hz
pulse frequency) with an S88X stimulator. For each mouse,
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the optimal voltage was set by monitoring torque as the volt-
age applied was increased in 0.5-V increments with 2-min
intervals between stimulations until the maximum torque
was reached. The lengthening contractions were then run at
the optimal voltage (V) and at 150 Hz pulse frequency. The
muscle lengthening injury was produced by superimposing
a muscle lengthening (plantar flexion) during the last 200
ms of the contraction period (2 s) for 5 min (150 contractions
total) and repeated two more times with 5-min rest periods
between each LCP bout (70).

Transthoracic Echocardiography

Echocardiography (ECG; M-mode, two-dimensional, tissue
Doppler and, pulse-wave Doppler) was performed under iso-
flurane anesthesia (1%–1.5% at a flow rate of 1 L/min oxygen)
using a small-animal, high-resolution Vevo 3100 imaging unit
(MX550S 26–52 MHz transducer, FUJIFILM VisualSonics,
Toronto, Canada). For the assessment of systolic function and
tissue Doppler analysis, ECG-traced heart rates were main-
tained between 520 and 600 beats/min to avoid anesthe-
sia-induced changes in cardiac function. To assess systolic
cardiac function, left ventricular ejection fraction (%EF),
fractional shortening (%FS), mean circumferential fiber
shortening rate (VCF) (38), and wall thickness were meas-
ured, as previously described (39). We further performed
tissue Doppler imaging to measure early diastolic mitral
annular velocity (E 0). This parameter evaluates left ven-
tricular myocardial relaxation in the longitudinal direc-
tion (40). E is the early diastolic transmitral valve flow
velocity measured by pulse-wave Doppler. The ratio of
these values (E/E 0) estimates left ventricle filling pressure.
Late diastolic mitral annular velocity (A) was also meas-
ured by pulse-wave Doppler. Thus, E/A is used to assess di-
astolic function by early (E) to late (A) diastolic transmitral
valve blood flow velocities (40, 41). Pulse-wave Doppler
measurements were collected at heart rates between 400
and 450 beats/min (to separate E and A waves). The sonog-
rapher was blinded to the experimental groups.

Determination of Catecholamines by Ultrapressure
Liquid Chromatography

Adrenal and plasma catecholamines were determined
with an ACQUITY UPLC H-Class System fitted with an
Atlantis dC18 column (100 Å, 3 mm, 3 mm � 100 mm) and
connected to an electrochemical detector (ECD model 2465,
Waters Corp, Milford, MA) as described previously (42).
Fresh-frozen adrenal glands were homogenized in 250 mL of
cold phosphate-buffered saline (PBS) for 30 s, and an aliquot
of the homogenate was used for protein concentration assay.
Homogenate (200 mL) was acidified by carefully mixing with
cold HCl (0.2 N) and centrifuged at 8,000 rpm/4�C for 15
min. 3,4-Dihydroxybenzylamine [DHBA (400 ng): internal
standard], and 30 mg of activated alumina were added to
the supernatant and titrated with Tris buffer to pH 8.6.
Catecholamines were adsorbed onto activated alumina in a
shaker for 30 min at room temperature. Alumina beads were
washed twice with 500 mL of water by gentle swirling fol-
lowed by centrifugation and removal of water. Adsorbed cat-
echolamines were eluted with 200 mL of 0.1 N HCl and
centrifuged at 12,000 rpm for 2 min. Supernatant was passed

through a Corning Costar Spin-X centrifuge tube filters
(Sigma Aldrich, Cat No. CLS8162). Filtered solution was used
for catecholamine assay. The mobile phase (isocratic: 0.3
mL/min) consisted of phosphate-citrate buffer and acetoni-
trile at 95:5 (vol/vol). The ECD was set at 50 nA for determi-
nation of adrenal norepinephrine and epinephrine. For
determination of plasma catecholamines, DHBA (2 ng) was
added to 150 mL of plasma and adsorbed with �15 mg of acti-
vated aluminum oxide for 10 min in a rotating shaker. After
being washed with 1 mL of water, adsorbed catecholamines
were eluted with 100 mL of 0.1 N HCl. The ECD was set at 500
pA for determination of plasma catecholamines. Data were
analyzed using Empower software (Waters Corp., Milford,
MA). Catecholamine levels were normalized with the recov-
ery of the internal standard expressed as nM (plasma) or
nmol/mg protein (adrenal gland).

Colorimetric Determination of Tissue Glycogen Content

Glycogen was extracted from liver (25–30 mg) and gastro-
cnemius muscle (100–120 mg) by boiling tissues with 30%
KOH as described previously (43). Alkaline-extracted glyco-
gen from tissues was cold-precipitated with 66% ethanol and
washed with 70% ethanol. After being dried to remove traces
of ethanol, the pellets were dissolved in double-distilled
water and then subjected to colorimetric determination of
glycogen using anthrone reagent (0.05% anthrone and 1%
thiourea) in concentrated H2SO4. Bovine liver glycogen was
used as a standard. The standard curve was prepared with 0,
15.62, 31.25, 62.5, 125, 250, 500, and 1,000 mg/mL of glycogen.
Absorbance readings were collected with a Beckman Coulter
DU730 spectrophotometer.

Ex Vivo Muscle Force

The EDL from both the LCP and contralateral, noninjured
hindlimb were carefully dissected under a microscope and
placed in ice-cold Tyrode solution (121 mM NaCl, 5 mM KCl,
1.8 mM CaCl2, 0.5 mM MgCl2, 0.4 mM NaH2PO4, 24 mM
NaHCO3, 5.5 mM glucose, 0.1 mM EGTA, containing 25 mM
d-tubocurarine). Each muscle was mounted in an experi-
mental chamber (800MS, Danish Myo Technology), and
muscles were constantly perfused with Tyrode solution that
was continuously bubbled with 95% O2-5% CO2 (final pH 7.4,
22�C). EDLs were electrically stimulated (S88X stimulator,
Grass Technologies) using square-wave pulses (16 V; EDL:
250 ms train duration, 0.5 ms pulses). L0 was determined
with single twitches and muscles allowed to rest for 15 min.
Contractile function was evaluated by stimulating the
muscles at different pulse frequencies (1–150 Hz) with 100-s
intervals. After the contractile protocol, muscles were blot-
ted dry and weighed to determine the muscle cross-sectional
area (CSA). Force development was normalized with respect
to themuscle CSA (kPa) (44).

Muscle Mounts for NMJ Analysis

TAs were collected and initially placed in 2% paraformal-
dehyde followed by 30% sucrose overnight, respectively, for
fixing. Fiber bundles were then separated from the deep
region of the TA using a dissecting microscope. Fibers were
subjected to blocking buffer containing 5% normal goat se-
rum (NGS), 5% BSA, 2% Triton X-100 in phosphate-buffered
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saline (PBS) overnight, and then incubated overnight again
with Alexa594-conjugated a-bungarotoxin to identify acetyl-
choline receptors (AChR) (Thermo Fisher Scientific, 5 μg/mL
concentration). Muscle bundles were washed with PBS three
times for 10 min each and then mounted on slides with
ProLong Gold Antifade Mountant (Cat No. P36930, Thermo
Fisher Scientific). After curing, slides were sealed and stored in
the dark at 4�C until imaged. Presynaptic motor neuron termi-
nals are labeled with yellow fluorescent protein in B6.Cg-Tg
(Thy1-YFP)16Jrs/J mice. Thy1-YFP and Alexa594-conjugated
a-bungarotoxin signals were detected by confocal microscopy
with a Leica SP8 confocal with lightening deconvolution sys-
tem using a�20magnification and 488 nm and 594 nm lasers.
NMJ image stacks that contained entire NMJs were collected.
NMJ image stacks were collected with pre-established parame-
ters [400 dpi, 60%–80% gain, speed 500 Hz–700 Hz, no offset,
Z stack (100–200 mm range)] for all samples. Maximal intensity
projections were obtained using LASX software before analysis
with Fiji. NMJ morphology was characterized for en face end-
plates based on the following parameters: 1) total endplate
area, 2) endplate perimeter, and 3) pre- and postsynaptic appo-
sition (% of apposition between the axon terminal and under-
lying AChRs). The number of NMJs analyzed per exposure
group (�50 NMJs/mouse; n = 6) are the following: AIR group,
321; PG/VG group, 307, and E-CIG group, 318. Approximately,
half of the NMJs analyzed were either from the noninjured TA
or the TA injured with the LCP. Image analyses were per-
formed by one observer who was blinded to the identity of the
samples.

Statistical Analysis

All data are presented as the means ± standard deviation
(SD). A P value less than 0.05 was considered significantly
different. Analyses of NMJs were determined by comparing
the mean NMJ parameters in each mouse (n = 6 mice) using
two-way ANOVA followed by Bonferroni’s post hoc testing.
The main variables were LCP injury and exposure group.
Force-frequency curves were analyzed using a two-way
ANOVA with exposure group and frequency as the main var-
iables and Bonferroni’s post hoc tests. The running speeds
were analyzed by two-way ANOVA with exposure group and
exercise tests performed before and after exposure as the
main variables followed by Bonferroni’s post hoc testing.
Catecholamines and glycogen levels were analyzed using
one-way ANOVA and Tukey’s post hoc tests. Cardiac param-
eters were analyzed using a one-way ANOVA and Dunnette’s
post hoc tests. Normality distribution test (D’Agostino &
Person) showed that data were normally distributed (a =
0.05). All the analyses were conducted using GraphPad
Prism version 9.00 (San Diego, CA).

RESULTS

Effect of E-Cigarette Aerosol on NMJ Innervation

Innervation of NMJs in the TA was evaluated 28 days af-
ter the LCP by measuring end-plate area and perimeter
and the percentage of pre- and postsynaptic apposition.
Figure 1A shows representative presynaptic motor neurons
labeled with YFP and postsynaptic NMJs detected with
Alexa594-conjugated a-bungarotoxin in LCP recovered TA

fiber bundles (Supplemental Fig. S1; see https://doi.org/
10.6084/m9.figshare.17138657.v1). Morphometric analysis
of endplate area did not reveal an overall difference
between groups (two-way ANOVA: exposure group, P =
0.64, injury, P = 0.26, interaction, P = 0.18, Fig. 1B). No dif-
ferences were observed in NMJ perimeter between the
groups (two-way ANOVA: exposure group, P = 0.99, injury,
P = 0.94, interaction, P = 0.37, Fig. 1C). Analysis of the per-
cent pre- and postapposition did not reveal differences
between exposure groups and LCP injury (two-way
ANOVA, exposure group, P = 0.075, injury, P = 0.61, inter-
action, P = 0.27, Fig. 1D). The size distribution of NMJs in
noninjured muscles revealed a difference between the AIR
and the PG/VG and PG/VG þ Nicotine exposure groups
(two-way ANOVA: NMJ area, P < 0.0001, group, P = 1.00
interaction, P < 0.0001, Fig. 1E). The PG/VG and PG/VG þ
Nicotine groups showed an increased number of NMJs in
the range of 200–250 mm2 compared with the AIR group
(P < 0.001 for both AIR versus PG/VG and AIR versus PG/
VG þ Nicotine, Bonferroni posttest, Fig. 1E). The distribu-
tion of NMJ size was not different between exposure groups
in the LCP-injured muscles (two-way ANOVA: NMJ area, P <
0.0001, group, P = 1.00 interaction, P = 0.1510, Fig. 1F).

Decreased Ex Vivo EDL Force Production in Mice
Exposed to E-Cigarette Aerosol

PG/VG and PG/VG þ Nicotine groups did not show a
decrease in heart, TA, soleus, plantaris, or gastrocnemius
mass (data not shown). Male mice in the PG/VG and PG/
VG þ Nicotine groups weighed less than nonexposed mice
(Supplemental Fig. S2; see https://doi.org/10.6084/m9.
figshare.17138810.v1). Isolated EDL, previously subjected
(i.e., 28 days before) to in vivo lengthening contractions, and
the contralateral, noninjured, EDL were tested for changes in
contractile function. In noninjured EDL from PG/VG þ
Nicotine male mice, contractions evoked by submaximal and
maximal frequencies of stimulation were weaker than in the
EDL from nonexposed and air-exposed male mice (two-way
ANOVA, exposure group, P < 0.0001, pulse-freq, P < 0.0001,
interaction, P = 0.52, Fig. 2A). Themaximum tetanic force pro-
duced by EDL from PG/VG þ Nicotine male mice was 30%
lower than EDL from nonexposed male mice (373±48 kPa vs.
440±52 kPa vs. 351± 101 kPa vs. 260±103 kPa, for nonexposed
vs. Air vs. PG/VG vs. PG/VG þ Nicotine, respectively, P <
0.0001, Bonferroni posttest, Fig. 2A). In EDL recovered from
LCP injury, the force developed over a range of submaximal
andmaximal frequencies of stimulation were reduced in both
PG/VG and PG/VG þ Nicotine groups compared with nonex-
posed and AIR groups (two-way ANOVA, exposure group, P <
0.0001, pulse-freq, P < 0.0001, interaction, P = 0.96, Fig. 2B).
Maximum force produced by EDL from the PG/VG and PG/
VG þ Nicotine exposed mice were both 22% lower than
the maximal force of EDL from the nonexposed group
(390 ± 58 kPa vs. 387 ± 125 kPa vs. 302 ± 42 kPa vs. 299 ± 70
kPa, for nonexposed vs. AIR vs. PG/VG vs. PV/VG þ
Nicotine, respectively, P < 0.05, P < 0.01, Bonferroni post-
test, Fig. 2B). EDL mass, length, and cross-sectional area
from both LCP and noninjured anterior crural muscles
were not different between the groups (Supplemental Fig.
S3; see https://doi.org/10.6084/m9.figshare.17138837.v1).
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Exposure to E-Cigarette Aerosol Decreases Exercise
Performance

Male mice in each group were exercise tested for the
maximal speed that could be achieved in treadmill run-
ning tests before and after daily exposures over a 3-mo
period. After the first 3 mo of the exposure period, statis-
tical difference was detected in the two-way ANOVA for
the time of exposure and the interaction between expo-
sure group and time (Fig. 2C, exposure group, P = 0.08,
time, P < 0.0001, interaction, P < 0.03). Comparison
between pre- and postexposure periods (Bonferroni
posttests) revealed an 11% decrease in PG/VG maximal speed
(P = 0.0005) and an 8% decrease in PG/VG þ Nicotine maxi-
mal speed (P = 0.0003), whichwas not detected in nonexposed
maximal speed (P > 0.05). Soleus capillary density, capillary-
to-fiber ratio, mean fiber area and fiber types were not differ-
ent between groups (Supplemental Fig. S4; see https://doi.org/

10.6084/m9.figshare.17138909.v3 and Supplemental Fig. S5;
see https://doi.org/10.6084/m9.figshare.17138915.v1).

Adrenal and Plasma Catecholamines Levels in
Response to E-Cigarette Aerosol Exposure

Acute or chronic exposure to nicotine induces catechol-
amine secretion from the adrenal gland as well as from chro-
maffin and PC12 cells (27, 45–47). Consistent with the
existing literature, we found lower norepinephrine (NE) and
epinephrine (Epi) levels in the adrenal glands isolated from
male mice exposed to PG/VG þ Nicotine than the PG/VG
and AIR groups (Fig. 3, A and B, one-way ANOVA, NE P =
0.0098, Epi, P = 0.0095). Also, plasma catecholamines were
different between groups (Fig. 3, C and D, one-way ANOVA,
NE P = 0.042, Epi P = 0.012). There was a trend (P = 0.06) and
significant (P = 0.016) increase in plasma norepinephrine
and epinephrine, respectively, in PG/VG þ Nicotine above

Figure 1.Neuromuscular junction (NMJ) morphology from noninjured and injured tibialis anterior muscles in mice exposed to E-cigarette aerosol compo-
nents. A: representative NMJ images collected by confocal microscopy of each exposure group. Red—Alexa-594-a-bungarotoxin; Green—YFP labeled
motor neurons. Scale bar = 20 mm. B: NMJ area. Two-way ANOVA, exposure group, P = 0.64; lengthening contraction protocol (LCP) injury, P = 0.26;
interaction, P = 0.18. C: NMJ perimeter. Two-way ANOVA, exposure group, P = 0.99; LCP injury, P = 0.94; interaction, P = 0.37. D: pre- and postsynaptic
apposition (%). Two-way ANOVA, exposure group, P = 0.075; LCP injury, P = 0.61; interaction, P = 0.27. E and F: percentage of total NMJs distributed by
NMJ area from noninjured (E) and LCP injured (F) muscles. Two-way ANOVA, exposure group, P = 1.000; NMJ area, P < 0.0001; interaction, P < 0.0001
(E) and P = 0.151 (F). �P< 0.001, Bonferroni post hoc tests indicate a significant difference between the percentage of total NMJs in the polyethylene gly-
col (PG)/vegetable glycerin (VG) and PG/VG þ Nicotine groups compared with room air (AIR) group in noninjured muscles (E). Images were collected
from 6 mice in each group.
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AIR group values (Tukey posttests, Fig. 3, C and D). Exposure
to PG/VG þ Nicotine increased glycogen content in both
liver and muscle (Fig. 3, E and F, one-way ANOVA, liver P <

0.0001, muscle, P = 0.004).

Cardiac Contractility and Relaxation

After 4 mo of the daily exposure periods (1 mo after the
exercise test), cardiac dimensions and functional parameters
were measured by echocardiograph in anesthetized male
mice (Fig. 4, Supplemental Table S1; see https://doi.org/
10.6084/m9.figshare.17138921.v2). Left ventricular systolic
function was preserved and, no change was observed in the
percent ejection fraction (one-way ANOVA, P = 0.97) or frac-
tional shortening (one-way ANOVA, P = 0.96) between
groups (Fig. 4, A andD, Supplemental Table S1). To assess di-
astolic function, mitral inflow velocities (color doppler
inflow signal) and the motion of the mitral annulus (pulse-
wave tissue doppler) were measured. Early (E) and late (A)
filling, also presented as E/A ratio, was unchanged in all
three groups (one-way ANOVA, P < 0.92, Supplemental
Table S1). Early (E0) and late (A0) mitral annular velocities
were detected by transmural tissue Doppler. E0, a parameter
indicative of left ventricular myocardial relaxation during di-
astole, showed a reduction in velocity in both the PG/VG (P =
0.029) and PG/VG þ Nicotine groups (P = 0.006) when com-
pared with nonexposed male mice (one-way ANOVA, P =
0.007, Dunnett’s posttests, Fig. 4E). A0 remained unchanged
(one-way ANOVA, P = 0.12, Supplemental Table S1). The ratio
of early to late (E0/A0) velocities between the groups was not
different (one-way ANOVA, P = 0.11). E/E0 ratios, a noninva-
sive measure of left ventricular filling pressure, assessed by
the ratio of mitral peak velocity of early filling (E) to diastolic
mitral annular velocity (E0), showed a statistical trend
between groups (one-way ANOVA, P = 0.07; Fig. 4F).
However, the left ventricular posterior wall dimension was
reduced in the PG/VG group compared with the nonexposed
and PG/VG þ Nicotine groups (one-way ANOVA, P < 0.005,
Supplemental Table S1). Individual echo parameters are pre-
sented in Supplemental Table S1.

DISCUSSION

The main findings of this study are as follows: 1) male mice
chronically exposed to nicotine containing E-cigarette aerosol
demonstrated a decrement in exercise performance and
incomplete restoration of locomotormuscle force following an
overuse injury and 2) chronic nicotine exposure leads to an
increase in muscle and liver glycogen stores even in the pres-
ence of elevated plasma catecholamines. In addition, minor
changes were observed in cardiac relaxation, but systolic func-
tion remained unchanged. No differences in NMJ morpho-
metric parameters were detected that would suggest impaired
NMJ function (i.e., pre-/postapposition or large fragmented
NMJs). Minor changes in the size distribution of NMJs were
observed in the E-cigarette aerosol exposure groups. All these
factors could potentially contribute to prolongedmuscle weak-
ness particularly following exercise-induced muscle injury.
Nicotine had a predominant negative effect onmuscle contrac-
tility in both noninjured and regenerating muscle, but the ve-
hicle used to deliver this substance, propylene glycol (PG) and

Figure 2. Integrated exercise performance and isolated extensor digi-
torum longus (EDL) function in mice exposed to vaping substances.
Force-frequency relationship in noninjured (A) and lengthening con-
traction protocol (LCP)-injured skeletal muscle (B). Graphs of force
(kPa) as a function of the stimulated pulse frequency are graphed for
each exposure group for EDL dissected 28 days after the lengthening
contraction protocol (LCP) and the contralateral, noninjured EDL. �P <
0.01 Bonferroni post hoc tests indicate a significant difference in force
between the polyethylene glycol (PG)/vegetable glycerin (VG) þ
Nicotine group and both the nonexposed and room air (AIR) group at
the same pulse frequency. #P < 0.05 Bonferroni post hoc tests indi-
cate a significant difference between force generated in the PG/
VG þ Nicotine group and the nonexposed groups at a given pulse
frequency. Data are represented as the means ± SD, n = 11 nonex-
posed, n = 5 AIR, n = 4 PG/VG, n = 7 PG/VG þ Nicotine. C: maximal
running speed of E-cigarette exposed mice. Mice that were not
exposed (nonexposed), exposed to vehicle oils without nicotine (PG/
VG), or with nicotine (PG/VG þ Nicotine) were exercise tested before
and after a 3-mo period of daily exposures (Time). Two-way ANOVA
indicates differences between before and after exposure (time)
(group, P = 0.08, time, P < 0.0001, interaction, P < 0.03). In C, compar-
isons and P values obtained from Bonferroni post hoc tests are shown
above bars and indicate a significant difference between the maximal
running speed of mice in the PG/VG (P = 0.0005) and PG/VG þ
Nicotine (P = 0.0003) groups but not in the nonexposed group. Data
are represented as the means ± SD. n = 22 nonexposed mice, n = 6
PG/VG mice, and n = 13 PG/VG þ Nicotine mice.
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vegetable glycerin (VG) also prevented fully recovery of force
after an overuse injury. Interestingly, both the high levels of
nicotine and PG/VG alone without nicotine impaired exercise
tolerance to the same extent. Together, these data suggest that
the use of E-cigarettes could result in locomotor muscle dys-
function and altered energy metabolism and, these changes

may contribute to users, particularly young adults, avoiding
strenuous activity.

Decreased Exercise Performance and Impaired Skeletal
Muscle Function with Chronic E-Cigarette Aerosol
Exposure

Exercise capacity depends on a complex interaction between
cardiac and vascular function, oxygen delivery, peripheral
muscle activation and contractile function, and energy sub-
strate utilization. In the present study, exercise performance
was impaired in both the PG/VG and PG/VG þ Nicotine
groups. Even in the absence of a prior LCP injury, hindlimb
muscles from PG/VG þ Nicotine exposedmalemice produced
less force than muscle collected from the other exposure
groups. The changes in muscle force were not related to EDL
myofiber cross-sectional area. Thus, these data suggest that
nicotine present in E-cigarette aerosol ultimately leads to a loss
of muscle strength independently, or before, changes in mus-
cle atrophy. Although the mechanism has not been fully eluci-
dated, several studies have shown that chronic nicotine
treatment may result in a net decrease in the activity of Na-K-
ATPase, and subsequent membrane depolarization (32). The
consequences of this steady membrane depolarization by
chronic nicotine may result in impaired excitability and less
activation of the contractile sites that ultimately inhibits excita-
tion-contraction coupling during contraction. Remarkably,
muscle and liver from PG/VG þ Nicotine male mice showed
much higher levels of glycogen (discussed in detail in Role of
Catecholamines in the Response to Chronic Nicotine E-Cigarette
Exposure). An overcompensation in glycogen storage could
manifest some of the symptoms observed in glycogen storage
diseases, such as McArdle’s disease, in which excess glycogen
stores found in skeletal muscle are associated with muscle
degeneration and exercise intolerance (48). Conversely, in
muscles previously injured by LCP and regenerated for 28
days, which is a sufficient recovery time formuscle to normally
fully regenerate (49), EDLmuscle force remained below nonin-
jured levels in both exposure groups (PG/VG and PG/VG þ
Nicotine). A similar observation was detected in acute running
tests. These data suggest that components present in heated
aerosols have additional effects on muscle function and exer-
cise capacity.

Role of Catecholamines in the Response to Chronic
Nicotine E-Cigarette Exposure

Skeletal muscle displays increased force upon acute adre-
nergic stimulation (i.e., fight or flight response) (50, 51). It
has been shown that phosphorylation of a single serine

Figure 3. Catecholamine (A–D) and glycogen (E and F) levels. Cate-
cholamines were measured in the adrenal glands (A and B) and plasma (C
and D). A and B: adrenal: norepinephrine:AIR, n = 6, polyethylene glycol
(PG)/vegetable glycerin (VG), n = 5, PG/VG þ Nicotine, n = 7. One-way
ANOVA, P = 0.0098. epinephrine, AIR, n = 7, PG/VG, n = 5, PG/VG þ
Nicotine, n = 6. One-way ANOVA, P = 0.0095. C and D: plasma: norepi-
nephrine (one-way ANOVA, P = 0.042) and epinephrine (one-way
ANOVA, P = 0.012): AIR, n = 4, PG/VG, n = 3, PG/VG þ Nicotine, n = 6. E
and F: glycogen levels were measured in the liver (male and female mice),
AIR, n = 13, PG/VG, n = 15, PG/VG þ Nicotine, n = 16, one-way ANOVA,
P < 0.0001 and gastrocnemius (Muscle) AIR, n = 5, PG/VG, n = 5, PG/VG þ
Nicotine, n = 5, one-way ANOVA, P = 0.004. For each panel, P values
obtained after Tukey’s post hoc tests from comparisons between exposure
groups are shown above bars.
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residue (S2844) in the sarcoplasmic reticulum Ca2þ release
channel/ryanodine receptor type 1 by protein kinase A is
critical for acute stress-induced increase in contractile force
(inotropy) (52). Consistent with existing literature, we report
here that chronic elevation of plasma catecholamines result
inmuscle weakness (53, 54). In the present study, chronic ex-
posure to nicotine containing E-cigarette aerosol caused a
decrease of catecholamines, both epinephrine and norepi-
nephrine, in the adrenal gland and a concomitant increase
in circulating plasma catecholamines. We can speculate that
chronic nicotine exposure present in E-cigarette aerosol
alters the whole body catecholamine homeostasis either by
increasing norepinephrine and epinephrine release into the
plasma from the adrenal glands (27) or by decreasing cate-
cholamine clearance due to a lower muscle and liver

catecholamine action (55). Catecholamines act in myofibers
and hepatocytes mainly through the b2-adrenergic receptors
to regulate carbohydrate metabolism (56–58). Among cate-
cholamines, epinephrine is the most potent b2-agonists (59)
and, under physiological conditions, catecholamines enhance
the rate of glycolysis (resulting in increased ATP resynthesis)
in liver and muscle, and hepatic glucose production and out-
put, from glycogenolysis and gluconeogenesis (57), as well as,
inhibit insulin-mediated glycogenesis (60–62). In the present
study, increased plasma epinephrine in response to E-ciga-
rette aerosol is expected to do the aforementioned functions.
These observations differ from the study of Chen et al. (25) in
which a shorter E-cigarette aerosol exposure time (14 days)
revealed both decreased muscle glycogen content and poor
performance in grip-strength and swimming tests. Interestingly,

Figure 4. Echocardiogram and pulse-wave tissue Doppler measurements. A: M-Mode; B: PW-Doppler; C: tissue Doppler; D: ejection fraction (%); E: early
diastolic ventricular mitral annular velocities (E0); F: noninvasive measure of left ventricular filling pressure (E/E0). Nonexposed (n = 7), polyethylene glycol
(PG)/vegetable glycerin (VG) (n = 5), PG/VG þ Nicotine (n = 8). One-way ANOVA and Dunnett’s multiple-comparison posttest. Statistical differences
between exposure groups, and the respective P values, obtained after Dunnett’s posttests are indicated above graphs in (E).
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Chen et al. (25) used a vanilla-flavored E-liquid to expose
mice to E-cigarette aerosols. The present investigation used
unflavored E-liquid. This difference in E-liquid composition
can produce changes in the outcomes between the two stud-
ies since it has been proposed that some flavors can alter
cellular function and inflammatory signaling in mice
exposed to E-liquid aerosols (63). However, it is also becom-
ing increasingly evident that chronic exposure to nicotine or
nicotine-receptor agonists increase peripheral insulin sensi-
tivity in both rats and mice (27, 46, 64, 65). A recent study of
diet-induced obese wild-typemice treated with the a3b4 nic-
otinic acetylcholine receptor agonist, 1,1-dimethyl-4-phenyl-
piperazinium iodide (DMPP), revealed improved glucose
tolerance by stimulating nonoxidative glucose disposal into
heart and gastrocnemius and quadriceps muscles (46). In
support of this notion, the authors reported an increased
incorporation of glucose into glycogen resulting in increased
muscle glycogen content (46). Therefore, it is conceivable
that the accumulation of muscle and liver glycogen in E-cig-
arette-exposedmalemice in our study is due to the diversion
of glucose from the glycolytic pathway to the glycogenic
pathway. One of the major functions of insulin is to induce
glycogenesis. We found increased glycogen content in liver
and gastrocnemius muscle in E-cigarette aerosol exposed
male mice. This finding is consistent with nicotine or nico-
tinic agonist-induced increase in insulin sensitivity (27, 46,
64, 65). In addition, high catecholamine levels have been
known for many years to result in muscle weakness (53, 54).
This may be due to their action on the motor neurons but
also altered release of acetylcholine, changes in end-plate
potential, and membrane depolarization at the NMJ-myo-
fiber interface (66). Catecholamines can also regulate vessel
reactivity and blood flow and have several differential effects
on cardiac and skeletal muscle including apoptosis, proteol-
ysis, and fibrosis. Thus, there are many systems that could
be altered by chronic, sustained levels of epinephrine and
norepinephrine that will require further investigation of
chronic nicotine delivered through vaping devices.

Contribution of the Altered Cardiac Function

Previous studies in preclinical mouse models of E-ciga-
rette exposure have provided evidence of possible cardiac
dysfunction (20). Data from our group showed that CD-1
mice exposed to PG/VG with a high amount of nicotine (24
mg/mL) exposed over 6 mo developed cardiac fibrosis (22).
The study reported by Olfert et al (24) demonstrated that
C57Bl/6J mice exposed to E-cigarette aerosol containing 18
mg/mL over an 8-mo period led to aortic and carotid artery
stiffness and impaired vascular reactivity, which is a risk fac-
tor for compromised cardiac function. Echocardiogram data
from both the present study and that of Olfert et al (24) did
not reveal changes in the cardiac output (percent ejection
fraction) or fractional shortening. However, diastolic func-
tion was not measured in the earlier study by Olfert et al
(24). In the present study, diastolic function, assessed by mi-
tral inflow velocities using the Doppler E/A index (early to
late diastolic transmitral flow), was unchanged. However,
the early diastolic ventricular mitral annular velocity (E0), a
marker for left ventricular relaxation, was reduced in both
the PG/VG and PG/VG þ Nicotine groups. In addition, there

was a trend for left ventricle filling pressure estimated by the
E/E0 index (the ratio of early mitral inflow velocity) to
decrease. These data suggest increased left ventricular stiff-
ness. In addition, there was some apparent thinning of the
left ventricular posterior wall in diastole (LVPWd) in male
mice exposed to PG/VG without nicotine. Reduced exercise
tolerance is one clinical hallmark in patients presenting dia-
stolic heart failure (also known as heart failure with preserved
ejection fraction) because diastolic myocardial stiffness pre-
vents the increase in left ventricular filling that is physiologi-
cally needed to increase the stroke volume during exercise
(67). Further studies will be needed to determine if increasing
the stress on the heart with a b-adrenergic stimulus, i.e., do-
butamine, which more closely reflects exercise, will reveal
greater impairments in cardiac function in E-cigarette-
exposedmalemice.

AMajor Effect of Chronic E-Cigarette Aerosol on NMJ
Morphology Was Not Present

In the present study, we used the LCP protocol to model
the regeneration of NMJs after disruption from myofibers
(68). Twenty-eight days after recovery from this type of over-
use injury, male mice exposed to room air fully recovered
muscle force and reinnervated the NMJs. In contrast, expo-
sure to either aerosol, PG/VG or PG/VG þ Nicotine, revealed
a decrement in ex vivo muscle force production that was not
accompanied by major changes in NMJ morphology. Minor
change in the distribution of NMJ size was present particu-
larly between the 200- and 250-mm2 range. Although overt
changes in NMJ structure and integrity were not detected,
this finding does not preclude changes in the mechanism of
NMJ transmission at the peripheral muscle. Previous studies
have demonstrated that long-term nicotine inhibits NMJ
transmission by producing steady depolarization of the
membrane through isoform-specific inhibition and stimula-
tion of the Na-K-ATPase a1 and a2, respectively, which inter-
act with nAChR as part of an electrogenic complex (31). This
steady decrease in depolarization has been proposed to limit
the safety zone and contributes to a decrease in the endplate
potential when the membrane is repeatedly depolarized dur-
ing exercise or electronically stimulated to repetitively con-
tract (32, 69). The NMJ morphometric data collected with
nicotine E-cigarette vaping differs from the reported NMJ-
myofiber denervation detected in patients with chronic ob-
structive pulmonary disease (COPD) and mice exposed to
tobacco cigarette smoke (35, 36). Further studies will be
required to explore potential nicotine-dependent mecha-
nisms that may regulate NMJ functional transmission in
response to E-cigarette aerosol.

Perspectives and Significance

Overall, data presented in this study suggest that the nico-
tine present in heated and aerosolized PG/VG has a major
effect in stimulating the release of catecholamines, promot-
ing the storage of glycogen in the liver and muscle, and
impairing muscle force in male mice. Subjecting the muscle
to an overuse type of injury (i.e., eccentric contractions) in
male mice exposed to a nicotine-containing E-cigarette aero-
sol revealed an inability to fully restore muscle force.
However, signals released by the vehicle alone (12, 20, 22)
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can also limit exercise tolerance and prevent the recovery of
muscle function following contraction-induced overuse
injury. These data suggest that PG/VG and nicotine induce
distinct changes in skeletal muscle, catecholamine levels,
and glycogen storage, and these changes have the potential
to inhibit contraction-induced force development.

Limitations

The present study only includes male mice. The potential
sex difference in the response to E-cigarette aerosols will
require further study. Furthermore, all exposures were per-
formed in whole body exposure chambers and therefore,
oral ingestion may contribute to the delivery of E-cigarette
aerosols. Although the results from the present study clearly
show that skeletal muscle functional and metabolic changes
occur in male mice exposed to PG/VG with nicotine, E-ciga-
rette aerosol users rarely use unflavored products, and
therefore, the consequences of prolonged exposure to fla-
vored E-cigarette aerosols will require further study.
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