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Cigarette smoke directly impairs skeletal muscle function
through capillary regression and altered myofibre calcium
kinetics in mice
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Key points

� Cigarette smoke components directly alter muscle fatigue resistance and intracellular muscle
fibre Ca2+ handling independent of a change in lung structure.

� Changes in muscle vascular structure are associated with a depletion of satellite cells.
� Sarcoplasmic reticulum Ca2+ uptake is substantially impaired in myofibres during fatiguing

contractions in mice treated with cigarette smoke extract.

Abstract Cigarette smokers exhibit exercise intolerance before a decline in respiratory function.
In the present study, the direct effects of cigarette smoke on limb muscle function were tested by
comparing cigarette smoke delivered to mice by weekly injections of cigarette smoke extract (CSE),
or nose-only exposure (CS) 5 days each week, for 8 weeks. Cigarette smoke delivered by either
route did not alter pulmonary airspace size. Muscle fatigue measured in situ was 50% lower in the
CSE and CS groups than in control. This was accompanied by 34% and 22% decreases in soleus
capillary-to-fibre ratio of the CSE and CS groups, respectively, and a trend for fewer skeletal muscle
actin-positive arterioles (P = 0.07). In addition, fewer quiescent satellite cells (Nes+Pax7+) were
associated with soleus fibres in mice with skeletal myofibre VEGF gene deletion (decreased
47%) and CS exposed (decreased 73%) than with control fibres. Contractile properties of isolated
extensor digitorum longus and soleus muscles were impaired. In flexor digitorum brevis myofibres
isolated from CSE mice, fatigue resistance was diminished by 43% compared to control and CS
myofibres, and this was accompanied by a pronounced slowing in relaxation, an increase in
intracellular Ca2+ accumulation, and a slowing in sarcoplasmic reticulum Ca2+ uptake. These
data suggest that cigarette smoke components may impair hindlimb muscle vascular structure,
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fatigue resistance and myofibre calcium handling, and these changes ultimately affect contractile
efficiency of locomotor muscles independent of a change in lung function.
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Introduction

Patients with chronic obstructive pulmonary disease
(COPD) usually present skeletal muscle wasting and an
impairment in skeletal muscle function. These adverse
changes in peripheral muscles are thought to contribute to
exercise intolerance and a decreased quality of life (Degens
et al. 2015). It has been extensively demonstrated that the
main risk factor for COPD is the use of cigarettes. Cigarette
smoke contains about 2256 chemical compounds known
to be hazardous to skeletal muscles (Talhout et al. 2011)
and with various types of properties, such as carcinogenic
and pro-oxidant (Pryor & Stone, 1993). Most of these
compounds can diffuse through the blood-gas barrier
in the lungs, be carried in the bloodstream and reach
peripheral tissues (Colombo et al. 2014). However, the
effects of these compounds on peripheral muscle function,
before COPD has reached advanced stages, are poorly
understood.

Symptoms of muscle weakness have been reported in
smokers who have not yet shown a decline in respiratory
function (Maltais et al. 2014), and this observation also
brings up the possibility that cigarette smoke components
may directly alter limb muscle function. This is supported
by a carefully controlled study reported by Wust et al.
(2008) in which quadriceps function was tested using
an electrical stimulation protocol in smokers without
COPD and non-smokers that were matched for age
and physical activity levels. Interestingly, non-COPD
smokers, both men and women, revealed a decrease
in fatigue resistance but no statistical decrement in
maximal strength (Wust et al. 2008). Factors that could
alter fatigue resistance in smokers include a change in
oxygen delivery due to impaired vasodilatation (Mayhan
& Patel, 1997), increased carboxyhaemoglobin (COHb)
(Morse et al. 2008), decreased oxygen extraction due to
fewer capillaries supplying myofibres (Tang et al. 2010),
inefficient mitochondrial respiration (Naimi et al. 2011),
or a change in myofibre function during fatiguing contra-
ctions (Stubbings et al. 2008).

Reports demonstrating capillary regression in humans
with COPD have been mixed, but capillary loss due to
smoking may preferentially occur in oxidative type I
or IIa fibres (Larsson & Orlander, 1984). Analysis of
mice exposed to cigarette smoke for up to 4 months by
our laboratory showed that the highly oxidative soleus,
containing type I and IIa fibres, but not the more glycolytic

extensor digitorum longus (EDL; type IIb fibres), has a
decrease in the ratio of capillaries to skeletal myofibres,
decreased vascular endothelial growth factor (VEGF)
expression, fibre-type transition, and reduced fatigue
resistance (Tang et al. 2010).

Several studies have also demonstrated that chronic
smoking has negative impacts on skeletal muscle structure
and function due to activation of muscle-wasting
signals (Tang et al. 2010), mitochondrial dysfunction
(Aravamudan et al. 2014), oxidative modifications of
metabolic proteins which affect intracellular energy
metabolism (Barreiro et al. 2012) and sarcoplasmic
reticulum (SR) Ca2+ release (Robison et al. 2017). These
changes have the potential to produce atrophy and
reduce force development and fatigue resistance and, thus,
ultimately also contribute to exercise intolerance. Systemic
inflammatory cytokines that are expressed in cigarette
smoke-exposed lungs, in particular tumour necrosis factor
α (TNF-α), have also been shown to be responsible for
at least a part of the contractile dysfunction of peri-
pheral locomotor muscles (Zuo et al. 2011; Tang et al.
2013).

Although it is well established that cigarette smoking
produces muscle contractile dysfunction, the data showing
that this may be due to altered intracellular Ca2+ handling
have not been fully investigated (Robison et al. 2017).
Changes in myofilament calcium sensitivity and SR
Ca2+-ATPase (SERCA) enzyme activity have been shown
to be impaired in biopsies from COPD patients (Green
et al. 2008), and intracellular Ca2+ handling is a key
determinant of contractility and fatigue resistance (Allen
et al. 2008).

Thus, to test the direct effect of cigarette smoke
components on skeletal muscle vascular and myo-
fibre function, C57BL/6J mice were administered
cigarette smoke extract (I.P.) or exposed to cigarette
smoke over the course of 8 weeks. Changes in lung
structure were estimated from histological sections
using the mean linear intercept index. Limb muscle
fatigue was evaluated by electrically stimulating the
gastrocnemius–plantaris–soleus complex in situ. Oxygen
availability to peripheral skeletal muscle was evaluated by
measuring the number of capillaries and satellite cells
associated with soleus myofibres. Myofibre contractile
function was assessed ex vivo in soleus, in EDL, and in
isolated flexor digitorum brevis (FDB) fibres. The role of
cigarette smoke in altering intracellular Ca2+ handling
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was evaluated in real time under non-fatiguing and,
importantly, during periods of fatiguing contractions in
intact FDB fibres.

Methods

Ethical approval

This study was approved by the University of California,
San Diego (Protocol S01144), and the Federal University
of Rio de Janeiro (Protocol no. 039/17) Animal Care and
Use Committees and conducted in accordance with the
guidelines outlined by Grundy (2015). Male C57BL/6J
mice (10 weeks of age) were housed three to four
per cage in a pathogen-free vivarium, maintained on
a 12 h:12 h day–night cycle and provided standard
chow (Harlan Tekland 8604, Madison, WI, USA) and
tap water ad libitum. Nestin-green fluorescent protein
(GFP) mice were generated and kindly provided by
Dr M. Yamaguchi (Rich et al. 2017). VEGFLoxP
mice were from Genentech (Oceanside, CA, USA) and
HSA-Cre-ERT2 mice were generated and kindly provided
by Dr Daniel Metzger (Institut de Génétique et de Biologie
Moléculaire et Cellulaire, Illkirch-Graffenstaden, France)
as previously described (Knapp et al. 2016). After all
functional assessments were completed mice were killed
by surgical removal of the heart while under anaesthesia
(ketamine:xylazine, 10:1 mg kg−1, I.P.).

Cigarette smoke delivery

Non-filtered 3R4F research cigarettes, purchased from
Kentucky Tobacco Research and Development Center
at the University of Kentucky (Lexington, KY, USA),
were used for both forms of cigarette smoke delivery.
For nose-only exposure to cigarette smoke (CS
group), the InExpose system (SCIREQ, Montreal, QC,
Canada) was used. Mice were exposed twice each day
(5 cigarettes/period, 5 days/week) with a minimum of a
30 min fresh air between sessions for eight consecutive
weeks. Mice were restrained in SoftRestraints from
SCIREQ that are made of nylon-coated stainless steel
wire. During the 30 min fresh air period the mice
were removed from the exposure tower and maintained
on a 37°C warm pad. Cigarette smoke extract (CSE)
was prepared by passing cigarette smoke through sterile
PBS with the use of a rodent ventilator to draw on a
lit cigarette. The solution was “bubbled” with smoke
until an optical density of 0.86 at 320 nm was reached.
CSE was filtered (0.22 μm, EMD Millipore, Burlington,
MA, USA) before being administered once each week
(100 μl, I.P.) for eight consecutive weeks (Zhang et al.
2013). Control mice were the same strain and age and
remained in room air under normal housing conditions.

At the end of the 8-week CS or CSE delivery period,
plasma cotinine levels were assessed by ELISA (BQKITS,
Inc., San Diego, CA, USA) following the manufacturer’s
protocols.

Mean linear intercept index

Air space enlargement was estimated by measuring the
mean of the linear intercept lengths from lungs fixed with
paraformaldehyde at an airway pressure of 25 cmH2O and
embedded in paraffin (Tang et al. 2013).

Skeletal muscle in situ fatigue

The protocol to stimulate the gastrocnemius–
plantaris–soleus (GPS) complex via the sciatic nerve to
evaluate the fatigue resistance of the vascular myofibre
system has been previously described (Knapp et al. 2016).
Mice were anaesthetized with ketamine and xylazine
(10:1 mg kg−1, I.P.). Oxygen saturation levels were
monitored before and immediately after the stimulation
period by pulse oximeter, which cannot distinguish
between oxyhaemoglobin (O2Hb) and COHb (Mouse
PulseOx Plus, Starr Life Science, Oakmont, PA, USA),
and remained above 95% throughout the fatigue test.
The length allowing generated maximal twitch force
(L0) was set by evoking single twitch stimulations
(monophasic pulses, 8 V, 0.5 ms pulse duration)
using a S88X stimulator (Grass Technologies, Quincy,
MA, USA). The GPS complex was then stimulated
to evoke full tetanic contractions (8 V, 0.5 ms pulses,
80 Hz, 200 ms train duration), repeatedly contra-
cted (0.25 trains s−1) until the force developed fell
to 50% of the initial force output and the time was
recorded.

Skeletal muscle morphology

In the non-stimulated leg, the GPS complex was
surgically removed and capillaries detected in 10 μm
cryosections using the capillary lead-ATPase method
(Rosenblatt et al. 1987). For detection of smooth
muscle-positive arterioles (SMA+) and M2-macrophage
(CD206+) cells, 10 μm cryosections were fixed with
4% paraformaldehyde for 6 min at room temperature,
rinsed with PBS, and incubated overnight with primary
monoclonal antibody for α-smooth muscle actin (1:200,
Sigma-Aldrich, St. Louis, MO, USA, cat. no. A2547).
Signals were detected with anti-mouse Alexa Fluor
488 (1:1000, Invitrogen, Molecular Probes, Carlsbad,
CA, USA) and mounted with Fluoro-gel II anti-
fade reagent with 4′,6-diamidino-2-phenylindole (DAPI)
(Electron Microscopy Sciences, Hatfield, PA, USA, cat.
no. 17985-50). Images were scanned on an Hamamatsu
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Nanozoomer Slide Scanning System (Hamamatsu Photo-
nics, Hamamatsu City, Japan). Capillary density and
fibre number were counted with the aid of FIJI software
and used to calculate the capillary-to-fibre ratio (C:F).
SMA+ vessels per area of the entire GPS cross-section was
calculated.

Skeletal muscle ex vivo contractility

In another group of mice, the EDL and soleus
from one hindlimb were dissected under anaesthesia
(ketamine:xylazine, 10:1 mg kg−1, I.P.), and mice were
then immediately killed by surgical removal of the heart.
Each muscle was mounted in an experimental chamber
(Model 1500A with a 402A force transducer, Aurora
Scientific Inc., Aurora, ON, Canada) and electrically
stimulated (S88X stimulator, Grass Technologies) using
square-wave pulses (16 V; EDL: 250 ms train duration,
0.5 ms pulses, 22°C; soleus: 500 ms train duration,
0.5 ms pulses, 28°C). Muscles were constantly perfused
with 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 μM d-tubocurarine) continuously bubbled
with 95% O2–5% CO2 (final pH 7.4). L0 was determined
with single twitches and muscles allowed to rest for
15 min. Contractile function was evaluated by stimulating
the muscle at different frequencies (1–150 Hz) with
100 s intervals. After the contractile protocol, muscles
were blotted dry and weighed to determine the muscle
cross-sectional area (CSA). Force development was
normalized with respect to the muscle CSA (kPa)
(Zuo et al. 2011).

In vivo quiescent satellite cell number

Male HSA-CRE-ERT2 × VEGFLoxP × Nes-GFP mice
(Rich et al. 2017) (5 weeks of age) were injected
with tamoxifen (1 mg/mouse, I.P. for 5 days) to delete
the skeletal myofibre VEGF gene. Additional mice
(4 weeks of age) were exposed to whole body cigarette
smoke (5 days a week, two 30 min exposure peri-
ods, 10 cigarettes total) for 4 weeks. VEGF protein
levels in the gastrocnemius were measured by ELISA
(R&D Systems). Fibres were isolated from the soleus
by incubation with collagenase (2.5 mg ml−1 Type I
collagenase, Worthington Biochemical Corporation,
Lakewood, NJ, USA) in Dulbecco’s modified Eagle’s
medium for 1 h at 37°C, followed by manual dissociation
with fire-polished pipettes according to modifications of
the method of Day et al. (2007). Fibres were allowed
to attach to Matrigel-coated slides for 1 h in a 37°C,
5% CO2 tissue culture incubator, before fixing with 4%
paraformaldehyde and 2% sucrose in PBS at 4°C for

10 min. Slides were washed with Tris-buffered saline
(TBS), incubated with 20% sucrose for 30 min at 4°C,
washed again with TBS, and permeabilized with 0.3%
Triton X-100 for 5 min at room temperature. The
slides were washed and blocked with 3% bovine serum
albumin–3% normal goat serum for 1 h and incubated
with primary antibodies in blocking solution overnight
at 4°C. Primary antibody dilutions were 1:10,000 for
anti-rabbit GFP (Invitrogen, Molecular Probes, Carlsbad,
CA, USA) and 1:1000 for anti-Pax7 (Cat# AB 528428,
Developmental Studies Hybridoma Bank, University of
Iowa, Iowa City, IA, USA). Slides were TBS-washed,
incubated with secondary Alexa Fluor 488 and 546
antibodies, mounted with ProLongTM Gold Antifade
Mountant with DAPI (Cat# P36931; Thermo Scientific,
Carlsbad, CA, USA) and viewed by confocal microscopy.

Intact single fibre isolation from FDB muscle and
FURA-2 loading

Mice were killed by surgical removal of the heart while
under anaesthesia (ketamine: xylazine, 10:1 mg kg−1, I.P.)
followed by immediate dissection of the FDB muscles
from both feet. Individual, intact single muscle fibres
were dissected under dark field illumination in the pre-
sence of dissection solution (in mM: 136.5 NaCl, 5 KCl,
1.8 CaCl2, 0.5 MgCl2, 0.4 NaH2PO4, 11.9 NaHCO3,
5 glucose, 0.1 K2EGTA). Single fibres (one at a time)
were placed on the stage of an inverted microscope
for epifluorescence (Nikon Eclipse Ti-S with a 40×
long distance Fluor objective and integrated with a
Photon Technology International (Birmingham, NJ, USA)
illumination and detection system (DeltaScan model))
and fibre autofluorescence was measured (see details
in “Intracellular Ca2+ ([Ca2+]c) measurements” section
below). The fibre was then pressure injected with FURA-2
(Life Technologies, Carlsbad, CA, USA) and mounted
in a chamber (model 1500A with a 400A force trans-
ducer, Aurora Scientific Inc., Aurora, ON, Canada). The
fibre was superfused with Tyrode solution (in mM: 121
NaCl, 5 KCl, 1.8 CaCl2, 0.5 MgCl2, 0.4 NaH2PO4, 24
NaHCO3, 5.5 glucose, 0.1 K2EGTA) that was constantly
bubbled with 2% O2, 5% CO2 (for solution pH 7.4),
balance N2 for the entire experimental procedure. The
solution PO2 was measured with a fibre optic oxygen sensor
(Oxymicro, World Precision Instruments, Sarasota, FL,
USA) and maintained �15 Torr, which is not limiting
to mitochondrial respiration during maximal work in
mouse fibres (Gandra et al. 2018), as also determined in
preliminary results from our laboratory in intact single
mouse fibres. Only one fibre was used from each mouse,
therefore the number of fibres used reflects the number
of mice. All experimental procedures were performed
at 22°C.
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Measurements of contractility, fatigue resistance and
intracellular Ca2+ transients

Each fibre was adjusted to L0 (350 ms trains, 0.5 ms
square-wave pulses, 8 V, 100 Hz) using parallel platinum
plates and a S88X stimulator (Grass Technologies,
Quincy, MA, USA). A BIOPAC Systems MP100WSW
(Santa Barbara, CA, USA) A–D converter was used,
and the data were analysed with AcqKnowledgeIII
3.2.6 software (BIOPAC Systems). After a 30 min rest
period, force–frequency measurements were collected;
FF; 1–150 Hz; 350 ms trains, 0.5 ms pulses, 8 V;
100 s rest between trains. Immediately after the FF
protocol, the perfusion solution was switched to a Tyrode
solution supplemented with 10 mM caffeine, followed
by a tetanic stimulation at 120 Hz, then re-perfused
back with Tyrode solution (no caffeine added). This
procedure was performed to develop force at maximal
Ca2+ release from the SR enhanced by the presence of
caffeine (Westerblad & Allen, 1993; Nogueira & Hogan,
2010). After caffeine was washed out, each fibre rested
for additional 10 min, followed by a fatigue-inducing
contraction protocol, which consisted of repetitive contra-
ctions evoked by 100 Hz pulse-stimulations (350 ms trains,
0.5 ms pulses) with an initial train rate of 0.25 trains per
second for 2 min followed by increases in train rate of
20% each 2 min (0.3, 0.36, 0.43, 0.52, 0.62, 0.75, 0.9,
1.1) until peak force had decreased 50% of the initial
contraction (fatigue point). Force development (in mN)
was normalized to the cross-sectional area (in mm2)
determined from the diameter of the fibre (31 ± 1 μm
diameter, 794 ± 74 μm2; n = 12 fibres, mean ± SEM),
and data are reported as kilopascals.

Intracellular Ca2+ ([Ca2+]c) measurements. During
contractions [Ca2+]c was measured by illuminating the
fibre with excitation wavelengths of 340 and 380 nm that
were rapidly alternated (200 Hz). Fluorescence signals
were collected at an emission of 510 nm and the ratio of
signals excited at 340 nm to 380 nm were used to calculate
the Ca2+-dependent signal (Nogueira et al. 2013). The
fluorescence:excitation ratio (340 nm/380 nm; R) was
converted to [Ca2+]c according to eqn (1).

[
Ca2+]

c
=K Dβ [(R − Rmin) / (Rmax − R)] (1)

From eqn (1), KD, the dissociation constant for
Ca2+-FURA-2, was set to 224 nM (Westerblad &
Allen, 1991). β is the fluorescence ratio between high
and no [Ca2+]c at 380 nm, and Rmin and Rmax are
the fluorescence ratios when Ca2+–FURA-2 binding is
minimal (at low cytosolic Ca2+) and maximal (at high
intracellular Ca2+), respectively. Rmin and Rmax were
determined using an internal in vivo calibration described
in Nogueira et al. (2013), but modified for mouse fibres.
Briefly, to determine Rmin, a group of FURA-2-injected

fibres (n = 3) were incubated for 30 min with a
no-calcium-Tyrode–EGTA solution (121 mM NaCl, 5 mM
KCl, 0.5 mM MgCl2, 0.4 mM NaH2PO4, 24 mM NaHCO3,
5.5 mM glucose, 10 mM K2EGTA) supplied with 30 mM
caffeine. Then, caffeine was washed out and switched
to 100 μM BAPTA-AM (acetoxymethyl ester form of
BAPTA), incubated for 30 min, then BAPTA-AM was
washed out. Rmin was determined as the smallest R value
observed (0.24 ± 0.02; n = 3 fibres, mean ± SEM) and
set as 0.24 for all fibres used in the present study. Rmax was
determined for each of the contracting fibres and was set to
132% of the peak ratio obtained when fibres were contra-
cted at 120 Hz in the presence of 10 mM caffeine (Rmax

was 3.54 ± 0.24; n = 12 fibres, mean ± SEM) (Westerblad
& Allen, 1991). β was also determined for each of the
contracting fibres (5.5 ± 0.6; n = 12 fibres, mean ± SEM)
as described previously (Gandra et al. 2018). Calculations
of peak and basal [Ca2+]c were previously described in
Nogueira et al. (2013).

In order to determine the myofilament Ca2+ sensitivity
for each fibre, force development at each peak [Ca2+]c

during the FF protocol was fitted using the sigmoidal
eqn (2) (Nogueira & Hogan, 2010):

P =P0

[
Ca2+]

c

nH
/
(
Ca50

nH+[
Ca2+]

c

nH
)

(2)

P is the force developed at different [Ca2+]c values, P0 is the
maximal force obtained by stimulating the fibre at 120 Hz
in the presence of 10 mM caffeine. Ca50 is the mid-point
of the force–[Ca2+]c curve, and nH is the Hill coefficient.

In order to determine whether the treatments (CS or
CSE) would alter relaxation, time to decay peak force by
80% (Relaxation time) was determined. Relaxation was
also determined when Ca2+ measurements were converted
to force (i.e. Ca2+-derived force) by using the data
obtained in the force–Ca2+ relationship (i.e. sensitivity
of the myofilaments to Ca2+ and the slope of Ca2+–force
relationship) for each fibre as described in Westerblad &
Allen (1993).

Sarcoplasmic reticulum [Ca2+]c pumping rate. In order
to measure the function of SR Ca2+ pumping during
relaxation (Nogueira et al. 2013), the elevated long tail
of [Ca2+]c decline (from 100 ms to 3.0 s after the
end of the stimulation period during a single tetanic
contraction) was used to determine the rate of [Ca2+]c

decline (−d[Ca2+]c/dt) and the rate of SR Ca2+ pumping
(A, eqn (3)).

− d
[
Ca2+]

c
/dt=A

[
Ca2+]

c

N − L (3)

From eqn (3), A, N and L are three adjustable parameters
representing, respectively, the rate of SR Ca2+ pumping
(in μMN−1 s−1), the power function, and the SR Ca2+
leak. In order to compare directly the SR Ca2+ pumping
(in μM−3 s−1) between groups (control vs. CS vs. CSE)
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at the same time points of the fatigue protocols (i.e. first
contraction, 116 s and 200 s of contractions), the curves
were fitted setting N = 4 and L = 24 (N = 3.9 ± 0.2
and L = 24 ± 3, obtained from individual experiments,
n = 8 fibres, mean ± SEM), with a maximum increase in
least-squares error of 15%.

Statistics

For comparisons between multiple groups, one-way
ANOVA followed by the Tukey test or two-way ANOVA
followed by the Bonferroni test was used, as indicated.
Analyses were carried out using PRISM 4 software
(GraphPad Software, La Jolla, CA, USA) and P < 0.05
was considered to represent a significant difference.

Results

Evaluation of cigarette smoke delivery

Plasma cotinine levels, measured at the end of the 8-week
CS or CSE delivery period, were increased above control
values to the same extent in both mice exposed to
cigarette smoke with a “nose-only” exposure system and
mice injected with cigarette smoke extract (I.P.) at the
8 week time point (control, 0.04 ± 0.02 ng ml−1; CS,
0.81 ± 0.41 ng ml−1, P < 0.05; CSE, 1.19 ± 0.14 ng ml−1,
P < 0.05).

Air space size is not altered by 8 weeks of CS
exposure or CSE delivery

Pulmonary air space size was estimated from
paraffin-embedded lung sections using the mean linear
intercept index (Fig. 1A and B). After 8 weeks of exposure
to CS or weekly injections of CSE, the average chord
lengths were not different between the experimental
groups (control: 28.42 ± 0.97 μm, CS: 28.91 ± 0.59 μm,
CSE: 29.68 ± 0.26 μm, n.s.).

CS exposure, but not CSE, attenuates weight gain

Mice in the control group and CSE group both gained
weight at a rate of 0.40 g week−1. In contrast, mice in
the CS exposure group increased their body weight at
an average rate of 0.07 g week−1. Figure 2 shows the
percentage change in body weight from week 1 to week 8.
The percentage body weight change compared to week 1
was lower in the CS group than in the CSE group at week 7
(P < 0.001) and lower than in both the control and CSE
groups at week 8 (P < 0.01). The muscle mass to body
weight ratio was not different between the groups for
the soleus, EDL, plantaris and gastrocnemius (data not
shown).

CS exposure and CSE administration impaired
hindlimb muscle fatigue resistance

In situ measurements (with intact vascular system) of
fatigue resistance from the GPS complex stimulated by
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Figure 1. Lung airspace size after 8 weeks of exposure to daily
periods of cigarette smoke or weekly delivery of cigarette
smoke extract
Mice remained in room air (control) or were exposed to daily periods
of cigarette smoke (CS) or administered cigarette smoke extract
(CSE) each week (I.P.). Mean linear intercept values (B) were
estimated from paraffin-embedded, 7 μm lung sections (A). Values
are presented as the mean ± SD, n = 5 control, n = 6 CS, n = 4
CSE. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 2. Mice weight gain
Mice in the control, CS and CSE groups were weighed weekly. Body
weights are represented by the percentage of the value at week 1;
data are presented as mean ± SEM for the control (n = 13), CS
(n = 9) and CSE (n = 19) groups. At each time point # indicates that
the CS group differs from the CSE group (P < 0.05) and ∗ indicates
that the CS group differs from control (P < 0.05).

the sciatic nerve are shown in Fig. 3. There was a more
rapid time to fatigue (i.e. less fatigue resistance of the GPS
complex) in both CS and CSE groups than the control
group at the 8 week time point (P < 0.05).

Capillary regression and a trend for fewer arterioles
were detected in locomotor muscles of CS and CSE
mice

The calculated capillary-to-fibre ratio (C:F) was 22%
(P < 0.05) lower in the CS soleus than in the control
soleus (Fig. 4A). The C:F was 34% lower in the CSE soleus
than control values (P < 0.05). There was no difference
in C:F between the CS and CSE groups. Smooth muscle
actin-positive arterioles, measured in cross-sections from
the entire GPS complex, revealed a trend for fewer arterio-
les in the CS and CSE groups (Fig. 4B).

CS reduces the number of quiescent satellite cells
associated with soleus myofibres

Soleus fibres were isolated to HSA-Cre-ERT2 × Nes-GFP
× VEGFLoxP mice exposed to whole body cigarette
smoke or treated with tamoxifen to induce deletion of
the VEGF gene in skeletal myofibres (skmVEGF−/−).
Figure 4C shows confocal images of a representative
soleus fibre immunostained for muscle stem cell markers
Pax7+ and Nestin-GFP. Nestin is a marker for quiescent
muscle stem cells (Rich et al. 2017). Figure 4D shows
a lower number of Pax7+/Nes+ cells associated with

soleus fibres from skmVEGF−/− mice than control
(P < 0.05) that was even lower in soleus fibres exposed
to CS (P < 0.01). To confirm efficient VEGF gene
deletion, VEGF levels were measured in the gastrocnemius,
and were 70% and 75% lower in the skmVEGF−/−
and CS muscles, respectively, than in control muscles
(P < 0.01; Fig. 4E).

CSE administration decreased soleus, but not EDL,
muscle mass and cross-sectional area

Locomotor muscles from hindlimbs (EDL and soleus)
were dissected from control and CSE groups of mice,
and wet weights and cross-sectional areas were measured
(Table 1). There was no change in muscle weight and
cross-sectional area for EDL muscles between groups.
However, soleus from CSE revealed a slightly, but
statistically significant, smaller mass and cross-sectional
area (�10% decrease) than the control muscles (P < 0.05).

In isolated EDL and soleuys, there was a decrease in
force development over a range of frequencies in the
CSE group compared to control (Fig. 5A and B), but
when submaximal forces were normalized by the maximal
frequency of stimulation (150 Hz), there were no statistical
differences between control and CSE groups (data not
shown).
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Intact fibres from CSE-treated, but not CS-exposed,
mice show impaired fatigue resistance and slower
Ca2+ uptake into the SR

During the FF protocol in isolated fibres, the CSE group
showed higher force at submaximal frequencies than CS
or control fibres (Fig. 6A). The mid-point of the FF
relationship was significantly decreased only in the CSE

Table 1. Morphometric data

Control CSE P value
(Student’s t test)

Body weight (g) 29.5 ± 1.0 28.4 ± 0.5 0.303
EDL muscle
L0 (mm) 14.0 ± 0.2 14.1 ± 0.2 0.922
Mass (mg) 13.6 ± 0.6 12.6 ± 0.5 0.231
CSA (mm2) 0.91 ± 0.03 0.84 ± 0.03 0.153
Soleus muscle
L0 (mm) 13.2 ± 0.2 13.2 ± 0.2 0.959
Mass (mg) 11.0 ± 0.5 9.8 ± 0.2 0.039∗

CSA (mm2) 0.78 ± 0.03 0.70 ± 0.02 0.024∗

L0, optimal muscle length; CSA, cross-sectional area of the
muscle, ∗statistically different (P < 0.05) from Control.

group (27 ± 4 Hz vs. 22 ± 2 Hz vs. 10 ± 2 Hz, for control
vs. CS vs. CSE, respectively; P < 0.05). Maximal force was
not affected (control, 480 ± 107 kPa; CS, 572 ± 93 kPa;
CSE, 457 ± 43 kPa; P > 0.05). The peak [Ca2+]c at sub-
maximal frequencies was overall increased in the CSE
fibres (P = 0.0003, two-way ANOVA) compared to control
and CS fibres, but the Bonferroni post-test did not show
statistical difference at individual frequencies (P > 0.05;
Fig. 6B). Maximal Ca2+ transients, evoked by 120 Hz
contractions in the presence of 10 mM caffeine, were
very similar between the groups (Fig. 6B). Nonetheless,
there was no difference in myofibril Ca2+ sensitivity (i.e.
the contractile response to intracellular Ca2+ transients)
between groups. The Ca50 was 539 ± 160 nM for control,
498 ± 83 nM for CS exposure, and 461 ± 59 nM for CSE
(P > 0.05, Fig. 6C). When relaxation after tetanic forces
was evaluated during the FF protocol, there was a clear
delay in force decay in the CSE group compared to control
and CS groups (Fig. 6D) after a tetanic contraction (i.e.
evoked by a train of 100 Hz pulse-stimulations). It was
confirmed by the mean data of rate of relaxation at the
linear phase (�43% decrease; Fig. 6E, P < 0.05). Cytosolic
Ca2+ changes during contractions (Fig. 6F) were converted
to force (Ca2+-derived force) and relaxation times (80%
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decay) were determined in real force recordings and in
Ca2+-derived force. As shown in Fig. 6F, there was a
clear delay in Ca2+-derived force decay in the CSE group
compared to CS and control groups, which was less evident
in real force traces. This was confirmed by an increase in
relaxation time in the CSE compared to CS and control
groups (Fig. 6G, P < 0.05). In order to detect whether
the slowing in relaxation was due to the slowing in Ca2+
pumping into the SR, the tail of elevated [Ca2+]c after
the stimulation period (300 ms to 1 s) when intracellular
Ca2+ decay is primarily due to SR Ca2+ uptake (Klein
et al. 1991) was used to generate the rate of [Ca2+]c decay
(−d[Ca2+]c/dt). The plots shown in Fig. 6H revealed a
right-shift in the CSE group. The rate of Ca2+ pumping
(the parameter A in eqn (3)) was significantly smaller
(P < 0.05) in the CSE group compared to control and CS
groups (in μM−3 s−1: 2562 ± 696 vs. 2130 ± 680 vs.
822 ± 252, for control vs. CS vs. CSE, respectively,
Fig. 6I).

After the FF protocol, each fibre was repetitively contra-
cted until the fatigue time point. Time to fatigue was
significantly reduced in CSE fibres (243 ± 15 s) compared
to control (306 ± 23 s) or CS (364 ± 13 s) groups (P < 0.01,
Fig. 7A). Since the Ca2+ pumping rate is slowed in
fibres from the CSE group under non-fatiguing conditions
(i.e. during the FF protocol), and fatigue resistance was
impaired in the CSE fibres, relaxation and Ca2+ pumping
function were investigated under fatiguing contractions.
As demonstrated in trace recordings of force in Fig. 7B, the
slowing in relaxation at the fatigue time point was clearly
pronounced in CSE fibres in relation to the control and
CS groups. The relaxation times during the time course of
the fatigue protocol were significantly higher in the CSE
group compared to CS and control groups after 120 s of
contractions (Fig. 7C, P < 0.01).
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Interestingly, there was a higher increase in peak [Ca2+]c

in the beginning of the fatigue protocol (Fig. 7D, P < 0.01).
Also, the intracellular Ca2+ accumulation between contra-
ctions (basal [Ca2+]c) was significantly augmented in the
CSE group compared to control group (Fig. 7E, P < 0.001).
This was due to a clear slowing in [Ca2+]c decay between
contractions in the CSE group compared to control (i.e.
trace [Ca2+]c recordings shown in Fig. 7F), which may
be due to a slowing in SR Ca2+ pumping. Measuring the
elevated [Ca2+]c after the stimulation period at different
time points of the fatigue protocol, CSE fibres showed
a pronounced right-shift in the rate of Ca2+ decay per
[Ca2+]c compared to control fibres (Fig. 7G). The rate
of Ca2+ pumping (Fig. 7H) was significantly decreased
(P < 0.05) in both groups of fibres. However, the changes
from the initial contraction occurred in greater increments
(P < 0.05) in the CSE group (81 ± 6% decreased at 30th
contraction and 95 ± 2% at 54th contraction) compared
to control fibres (62 ± 1% decreased at 30th contraction
and 82 ± 4% decreased at 54th contraction). Therefore,
these data suggest that SR Ca2+ pumping rate impairment
was pronounced in fibres from animals treated with CSE.

Discussion

In the present study, CSE was used in order to bypass
the primary effects of cigarette smoke on the lungs and
more directly study its effects on peripheral skeletal muscle
(Zhang et al. 2013). No evidence of emphysema (increased
airspace size) was detected in either the direct injection or
exposure groups, and plasma cotinine levels were also not
different between the cigarette smoke extract and exposure
groups. Thus, mice are estimated to receive similar
amounts of cigarette smoke components with the caveat
that the exposures were 5 days a week and the injected
extract was given only once each week. Administration
of CSE or exposure to cigarette smoke also resulted in a
similar decrement in fatigue resistance (�48% decrease in
time to fatigue) when measured in situ with the vascular
system intact. Evidence of a change in O2 availability to the
mitochondria is supported by a reduction in the numbers
of capillaries surrounding soleus fibres and a trend
for fewer arterioles (SMA+ cells) in the GPS complex.
However, muscle fatigue resistance is multifactorial (Allen
et al. 2008) and it is also known that chronic smoking
could affect the muscle contractile apparatus (Rinaldi et al.
2012). In the present study, mice treated chronically with
CSE for 8 weeks were shown to also have reduced fatigue
resistance at the cellular level (FDB intact single fibres;
Fig. 7). This rapid fatigue response was accompanied
by a pronounced slowing in relaxation and SR Ca2+
pumping in the CSE group compared to control. These
results suggest that CS components may directly affect
the efficiency of muscle relaxation during exercise. Thus,
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CS-induced decrements in both vascular and myo-
fibre function can contribute to exercise intolerance in
smokers.

Loss of vascular structure in cigarette smoke-exposed
mice

Exercise therapy has shown promise in rehabilitation
programmes for those with COPD, but caution must be
considered due the high chronic systemic inflammation
that often includes high circulating TNF-α levels (Schols
et al. 1996). This inflammatory burden could interfere
with the polarization or sequence of activation events
that regulate macrophage subpopulations in skeletal

muscle (Takeda et al. 2011). These regenerative M2 cells
provide trophic factors, including VEGF, that participate
in regeneration and repair in part by protecting cells,
particularly satellite cells, from apoptosis (Takeda et al.
2011; Saclier et al. 2013). Satellite cells reside adjacent
to capillary endothelial cells and proportionally change
with the skeletal muscle capillaries resulting from exercise
training-induced angiogenesis or capillary regression
(Langen et al. 2006; Christov et al. 2007; Tang et al. 2010).
In the present study satellite cells associated with soleus
fibres isolated from skeletal myofibre VEGF-deficient
mice revealed a decreased number per fibre, and smoke
exposure resulted in an even greater loss. Thus, the added
insult from cigarette smoke, possibly due to elevated
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recordings of isometric force (left), cytosolic Ca2+ concentration (middle) and Ca2+-derived force (right) (average
of 4 independent contractions for each group evoked by 100 Hz pulse-stimulations). G, time to decay 80% of
the peak force after the stimulation period (relaxation time) obtained from real force measurements (isometric
force) and from converted force from real Ca2+ measurements (Ca2+-derived force) (∗P < 0.05 vs. control and
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fibre (∗∗P < 0.01 vs. control and CS exposure groups). Values are presented as the mean ± SEM, n = 4 fibres for
each group.
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apoptosis or increased reactive species, resulted in a
further loss of satellite cells and capillaries (Christov et al.
2007) and this can be predicted to occur in patients who
chronically smoke (Menon et al. 2012).

Direct effects of cigarette smoke components on
skeletal muscle function

In isolated muscles from mice administered CSE, there
was an overall decrease in force production that was more
prominent in the oxidative soleus. The soleus, but not
the EDL, also showed a decreased muscle mass in the

CSE group compared to control group. These results
are in accordance with previous data from our group
showing the greater effect of 16 weeks of CS treatment
on soleus contractile function compared to EDL (Tang
et al. 2010). However, Tang et al. (2010) have also shown
that 8 weeks of CS treatment did not produce any change
in ex vivo EDL or soleus muscle contractile function.
The main results obtained from measurements in iso-
lated, single FDB fibres, mostly composed of fast-oxidative
type IIa fibres, were that CSE slowed myofibre relaxation
rate (Fig. 6D). Real-time monitoring of intracellular Ca2+
in isolated single fibres suggests that this slowing in
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relaxation in fibres from CSE-treated mice is due to a
decreased rate of SR Ca2+ pumping (Fig. 6F and G)
(Nogueira & Hogan, 2010; Nogueira et al. 2013). This
is supported by the reduced fatigue resistance (but not
maximal force generation) detected in FDB fibres from
the CSE group. This contractile profile is similar to that
observed in human smokers (Wust et al. 2008) and
characteristic of a slowing of relaxation during fatiguing
contractions (Westerblad & Allen, 1993; Nogueira et al.
2013). Although the study of Wust et al. (2008) did not
elucidate the mechanism by which relaxation was impaired
in male smokers, there is evidence that vastus lateralis
muscle biopsies from patients with COPD have lower SR
Ca2+-ATPase (SERCA) activity and SERCA–Ca2+ affinity
compared to samples collected from healthy patients
(Green et al. 2008). These results suggest that cigarette
smoke components may directly affect fatigue resistance,
in addition to a capillary-dependent limitation in O2

availability, and could potentially alter one or more steps in
excitation–contraction coupling or the metabolic energy
supply systems.

Cigarette smoke extract enhances submaximal force
development during non-fatiguing contractions

During electrical stimulation of skeletal muscles, Ca2+
diffuses from the SR to the cytosol, raises the cytosolic
Ca2+ concentration ([Ca2+]c) and rapidly binds to the
regulatory sites on troponin C located in the thin filament.
This orchestrated change in subcellular calcium results in
the activation of the myofilament cross-bridge cycling and
the development of force (Allen et al. 2008). Also, and not
less important, the rise in [Ca2+]c immediately activates
SERCA, which starts to pump Ca2+ back into the SR. The
equilibrium between the amount of Ca2+ released from the
SR and the velocity of SR Ca2+ uptake results in a transient
rise in [Ca2+]c that is dependent on the time period and
the frequency of the electrical stimulation (Westerblad &
Allen, 1996). After electrical stimulation ceases, Ca2+ stops
diffusing from the SR, SERCA continues to pump Ca2+
into the SR, and [Ca2+]c drops, resulting in an inactivation
of the myofilaments and force decay (i.e. relaxation)
(Westerblad & Allen, 1996).

Under non-fatiguing conditions (during the FF
protocol), fibres from CSE mice had an increase in
[Ca2+]c during contractions and this resulted in a higher
submaximal force development (Fig. 6) (Nogueira &
Hogan, 2010). However, we were not able to determine
whether this increase in [Ca2+]c was due to more
Ca2+ released from the sarcoplasmic reticulum. These
data are different from a recent report (Robison et al.
2017) which showed, instead, a decrease in single
twitch peak [Ca2+]c in collagen-dissociated FDB fibres
from mice exposed to whole body CS for 6 months.

Although these data are contradictory, the methods used
to treat mice with the CS components (inhaled CS
vs. CSE), fibre isolation and the period of treatment
(6 vs. 2 months) were notably different between the two
studies.

In the present study, maximal force development and
force responses to [Ca2+]c during contractions (i.e. myo-
filament Ca2+ sensitivity, Fig. 6C; Westerblad & Allen,
1993) were measured and found to be not different
between the groups of fibres. These observations suggest
that the myofilament Ca2+-binding function was not
affected by CS or CSE treatments when the fibres were
not fatigued (Pinto et al. 2008). These data also differ
from studies of skinned diaphragm muscle fibres from
COPD patients in which force development and myo-
filament Ca2+ sensitivity were diminished (Ottenheijm
et al. 2005; Stubbings et al. 2008). Nonetheless, the
mice in the present study did not develop COPD,
which was expected within a 2-month CS treatment
period (Craig et al. 2017), and therefore, impairment
in the myofilament Ca2+ binding function of hindlimb
muscles may not be detected early during the progress of
COPD.

One explanation that could account for the increase in
force during non-fatiguing contractions in the CSE group
is the slowing in relaxation (Fig. 6D and E). A slower decay
of force in-between pulse-stimulations during unfused
contractions could increase force development in the sub-
sequent twitches during the train (Westerblad & Allen,
1996). The velocity of relaxation is a combined result
of the Ca2+ dissociation off-kinetics from troponin C,
the cross-bridge detachment rate, the Ca2+ loading rate
by parvalbumin, and the Ca2+ uptake rate by SERCA
(Poggesi et al. 2005). Our data showed that the rate of force
decay during the initial phase of relaxation was slowed
in the CSE group of fibres (Fig. 6E). This observation
suggests that cross-bridge detachment during relaxation
may be impaired, but also it may be due to a reduced
rate of Ca2+ removal from the cytoplasm (Westerblad &
Lannergren, 1991). To distinguish the contributions to
the delayed relaxation in the CSE group between Ca2+
and cross-bridge cycling responses, cytosolic Ca2+ was
converted to force (Ca2+-derived force) (Westerblad &
Allen, 1993). The slowed Ca2+-derived force decay during
relaxation in the CSE group suggested that Ca2+ uptake
kinetics were also impaired and could possibly be due to a
slowing in Ca2+ uptake by the SR. In order to investigate
whether the slowed relaxation was due to changes in
Ca2+ pumping into the SR, a main contributing factor,
we measured the Ca2+ decay rate after a single train
stimulation, in a time period (0.1–3 s post-stimulation)
named “tail of Ca2+ decay” after a contraction (Klein
et al. 1991; see Methods for details). Interestingly, the data
in Fig. 6G show that SR Ca2+ pumping is impaired in
fibres from mice treated with CSE, thereby increasing peak
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[Ca2+]c and slowing the relaxation. The present study did
not investigate the reasons why the SR Ca2+ pumping rate
was slowed in the CSE group of fibres, but the literature
shows that SERCA activity and Ca2+ pumping function
may be inhibited by reactive oxygen and nitrogen species
(Viner et al. 1999). These species can modify SERCA
residues by tyrosine nitration or cysteine oxidation or
S-nitrosylation (Viner et al. 1999), and CS components
have substantial amounts of pro-oxidant compounds that
could produce intracellular oxidative stress in muscle cells
(Pryor & Stone, 1993). Therefore, additional investigation
is needed to understand the underlying mechanisms of
this impaired SR Ca2+ uptake in muscle fibres by CS
compounds.

Cigarette smoke compounds alter sarcoplasmic
reticulum Ca2+ uptake in skeletal muscle fibres and
this effect is more pronounced during fatiguing
contractions

To mimic high-intensity exercise in intact single fibres,
a series of repetitive contractions at near-maximal
frequencies of stimulation were evoked (i.e. fatigue
protocol). These repetitive contractions lead to changes
in contractile function (e.g. progressive reduction in the
force development) and metabolism (e.g. accumulation of
intracellular metabolites and depletion of metabolic sub-
strates; Allen et al. 2008). Intact fibres from CSE-treated
animals had a faster fall in force development (i.e. less
fatigue resistance) compared to fibres from the control
and CS groups (Fig. 7A). In the GPS complex during
in situ contractions, fatigue resistance was diminished in
both CS and CSE groups (Fig. 3). These results suggest
that capillary regression after the 2-month CS treatment
(Fig. 4) was a major factor to reduce time to fatigue in
this muscle group. These data correlate with previous
data published by our group showing that isolated soleus
function does not change until 4 months of daily CS
exposure (Tang et al. 2010). Although under non-fatiguing
contractions fibres from CSE group had a slightly slower
relaxation (Fig. 6), there was an excessive slowing in
relaxation (�3× higher relaxation time) during fatiguing
contractions in CSE fibres compared to the other two
groups (Fig. 7C). Reduced fatigue resistance and slower
relaxation under fatiguing conditions in the CSE group is
in agreement with the faster time to fatigue and smaller
rates of relaxation observed in quadriceps muscles from
male smokers (non-COPD) (Wust et al. 2008) and from
isolated muscle obtained from COPD patients (Debigare
et al. 2003).

Calcium handling during fatiguing contraction showed
significant changes in the CSE fibres. There was an
evident increase in the peak [Ca2+]c during the first
100 s of contractions, a pronounced accumulation of

intracellular Ca2+ between contractions (Fig. 7D and E),
and a remarkable slowing in intracellular Ca2+ decay
following each contraction (Fig. 7F). Comparing the rate
of Ca2+ pumping (Fig. 7H) in isolated fibres between
control and CSE groups at the same time points of
the fatigue protocol, the velocity of Ca2+ pumping was
progressively decreased in control fibres, as expected
(Nogueira et al. 2013), as well as in CSE fibres. However,
the decrease was more pronounced in the CSE fibres
compared to control fibres, which explains the greater
accumulation of Ca2+. This is the first time in which
SR Ca2+ pumping function was investigated in mice
treated with CS by using an experimental system to test
single myofibre function, a relevant model of the “in
vivo” environment. This intact single fibre preparation
allows several metabolites known to impair SR Ca2+
pumping function, such as Pi, ADP, IMP, and reactive
oxygen and nitrogen species (for review see Tupling, 2004),
to be available at physiological concentrations during
contractions.

This pronounced accumulation in cytosolic Ca2+
during contractions may produce mitochondrial calcium
overload that positively correlates with intracellular
oxidative stress and the activation of muscle atrophy
and muscle wasting signalling pathways (Powers et al.
2016). The activation of atrophy pathways (e.g. increase
in the expression of MuRF1, Atrogi1, FOXO3) as
well as the inhibition of hypertrophic pathways (e.g.
decrease in phospho-Akt) have been shown for skeletal
muscles obtained from mice treated with cigarette
smoke before the development of COPD (2 months
of CS treatment; Tang et al. 2010). Therefore, a
slowing in Ca2+ uptake in muscle fibres from mice
treated with CS extract may be a trigger for later
adaptations in the muscles during the development of
COPD.

Differences in myofibre function in CS-exposed and
CSE-administered mice

In the present study, it is unclear why the changes in
fatigue resistance and calcium handling were observed
in fibres that were isolated from mice administered CSE
and not those exposed to CS. Cigarette smoke capillary
number and in situ fatigue resistance were both decreased
independent of the CS delivery route. One possibility is
that even though the cotinine levels measured each week
were similar between the two CS groups, the mice exposed
to the “nose-only” delivery system received repeated CS
components filtered through the lung each day. The
CSE was administered only once a week. Thus, it is
reasonable to surmise that CSE mice received an acute
higher initial dose that dissipated over the week that
may have had a greater muscle effect at the cellular
level.
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Summary

Cigarette smoke components whether delivered by
inhalation or more directly into the circulation negatively
impact the fatigue resistance of hindlimb skeletal muscle.
This loss of muscle function is at least in part due
to fewer capillaries and small arterioles that supply
skeletal myofibres, but also to changes in intracellular
Ca2+ handling, which are exacerbated during fatiguing
contractions. Interestingly, these changes in vascular
structure correlate with a loss of quiescent satellite cells
associated with skeletal myofibres. These data suggest
that cigarette smoke alters limb muscle function in part
by limiting the number of capillaries and associated
regulatory cells that allow adequate O2 for mitochondrial
respiration and a dysregulation of excitation–contraction
coupling that is mediated by slowed calcium uptake
into the sarcoplasmic reticulum. Therefore, the
results from the present investigation suggest that
components present in cigarette smoke have direct
effects on peripheral tissues before overt damage to the
lungs.
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