Open Journal of Pathology, 2014, 4, 125-137 .0:0 Scientific
Published Online July 2014 in SciRes. http://www.scirp.org/journal/ojpathology .02:0 Research
http://dx.doi.org/10.4236/0ojpathology.2014.43019

Membrane and Subcellular Muscle Injury
Are Induced by Single or Multiple
Exposure to Cigarette Smoke

Ana Maria Fleig-Mayer!, Alba Ramirez-Sarmiento23, Amanda Iglesias+5,
Montserrat Morla+5, Carlos Coronell?, Diego Rodriguez23, Simona Pichinnis,
Josep Lloreta’s, Piergiorgio Zuccaro¢, Xavier Busquets*, Joaquim Gea3+4,
Jose R. Jardim!, Mauricio Orozco-Levi2347*

!Centro Universitario do Tridngulo (UNITRI), Avenida nicomedes Alves Dos Santos, 4545-Gavea, Uberlandia;
Pulmonary Rehabilitation Center, Respiratory Division, Federal University of Sdo Paulo, Sdo Paulo, Brazil
2Group of Research in Injury, Immune Response and Function (LIF), Municipal Institute of Medical Research
(IMIM), Carrer Dr. Aiguader 88, Barcelona, E-08003, Spain

3Servei de Pneumologia, Hospital del Mar, Passeig Maritim 25, Barcelona, E-08003, Spain

“Centro en Red de Investigacién de Enfermedades Respiratorias (CIBERES), Recinto Hospital Joan March
Carretera Soller Km. 12, 07110, Bunyola, Mallorca, Illes Balears, Spain

’Institut Universitari d’Investigacio en Ciéncies de la Salut (IUNICS) and Department de Biologia, Universitat
llles Balears (UIB); Cra de Valldemossa, Km 7.5, Palma, Illes Balears, Spain

®Laboratorio Di Biochimica Clinica, Istituto Superiore Di Sanita. Viale Regina Elena 299, 00161, Roma, Italy
7Respiratory Department, Fundacién Cardiovascular de Colombia, Calle 155A 23-58, Floridablanca, Santander,
Colombia

8Servei d’Anatomia Patoldgica, Hospital del Mar, Passeig Maritim 25, Barcelona, E-08003, Spain

Email: ‘mauricioorozco@fcv.org

Received 11 March 2014; revised 11 April 2014; accepted 30 April 2014

Copyright © 2014 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Abstract

Cigarette smoking is the main cause of chronic obstructive pulmonary disease (COPD). Diaphragm
injury is observed in patients with COPD. However, the potential role of smoking in triggering or
perpetuating muscle injury is unknown. The present study was aimed at evaluating the potential
role of commercial tobacco smoke as a direct cause of skeletal muscle injury in experimental con-
ditions. Seventy Wistar rats (170 - 250 g) were assigned to smoking (n = 49) or non-smoking (n =
21) groups. The smoking groups were submitted to a single or multiple (i.e., five or thirty) daily
sessions of cigarette smoking in an inhalatory chamber (time length: 2 h each session). The level
of exposure was constant and assessed by CO concentrations (50 ppm) and serum cotinine analy-
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sis. Animals submitted to a single smoke exposure and the corresponding controls were eutha-
nized in groups at 0 h, 2 h, 4 h, 24 h or 48 h after completing the exposure. Animals submitted to
multiple exposures were euthanized at 0 h after smoking. Samples from vastus lateralis muscle
were obtained and processed for assessing cell injury and selected protein expression. Monoclon-
al anti-albumin antibodies were used to identify muscle fibers with sarcolemmal (membrane) in-
jury. Subcellular muscle injury was assessed using transmission electron microscopy (EM). MyoD,
myogenin and a-tubulin were immunodetected using western blot techniques. Exposure to ciga-
rette smoke associated with significant membrane damage (mean relative difference (MRD) with
controls: +181%, p = 0.004) and sarcomere disruptions (MRD: +226%, p = 0.001). Expression of
MyoD and myogenin (normalized to a-tubulin) were significantly increased at 4 h and remained
increased at 48 h post-exposure. We conclude that not only a single but also consecutive exposure
to tobacco smoke have acute deleterious effects on peripheral muscle structure. A rapid induction
of subrogate markers of skeletal muscle stress and repair processes associates to sarcolemmal
and sarcomere damage.
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1. Introduction

Chronic obstructive pulmonary disease (COPD), mainly induced by tobacco smoking, represents a major cause
of disability and mortality in all countries, resulting in an important economic and social burden [1]. The main
mechanisms that contribute to airflow limitation in COPD are fixed narrowing of small airways, emphysema
and luminal obstruction with mucus secretions. COPD is characterized by a chronic inflammatory process in the
pulmonary tissue associated with extra-pulmonary effects and is considered a complex, systemic disease [2].

Skeletal muscle dysfunction (i.e., decreased in strength or endurance) is one of the relevant extrapulmonary
impairments frequently found in patients with COPD. This dysfunction is not merely a descriptive finding but
has clinical relevance: muscle dysfunction relates to increased need for medical assistance and decreased sur-
vival of COPD patients [3]-[6]. In addition, a limited improvement in exercise capacity has been demonstrated
when COPD patients receive pulmonary or combined heart-lung transplant [7]-[9].

Muscle injury is a concept that refers to a group of morphological abnormalities in muscles that can be asso-
ciated with either exertion or diseases [10] [11]. These structural signs of muscle injury can be summarized as
disruption of membrane structures (sarcolemma, mitochondria, sarcoplasmic reticulum and T-tubules), degene-
ration of the cytoplasm, and disorganization of the contractile myofibrils (including sarcomere disruptions,
Z-band streaming, misalignment of the myofilaments, and desmin loss) [10] [11]. It has been demonstrated that
the diaphragm (the main respiratory muscle) shows signs of injury at both the cellular and subcellular level in
patients with COPD [12]. Moreover, susceptibility to additional muscle injury after exertion (i.e., inspiratory
loading) is up to three times higher in COPD patients as compared with control individuals [12]. The ultimate
cause of diaphragm injury in COPD is not clear. Although chronically increased loads may heighten regional
stress and strain on the diaphragm [10], other non-mechanical factors with systemic effects (e.g., smoking, in-
flammatory mediators) could also participate in this injury [13].

Given that cigarette smoke is the main cause of COPD [1], we hypothesized that cigarette smoke could be
involved in cellular and molecular disturbances found in skeletal muscles of these patients. We postulated that,
if this is the case, other skeletal (non-respiratory) muscles should also demonstrate increased signs of injury in
association with smoking. To our knowledge, there are few reports describing the potential role of cigarette
smoking on respiratory and peripheral muscle injury. The purpose of this study was, first, to evaluate whether
muscle injury associates with some relevant change in the expression of selected transcription factors involved
in skeletal muscle regeneration (MyoD and myogenin) and, second, to determine if these factors associate with
peripheral muscle injury. Finally, the study aimed at the definition of the time-course of both injury and protein

changes, if any, in both muscles.
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2. Methods
2.1. Ethics and Study Design

The Research Ethics Committee of Hospital Sdo Paulo, Federal University of Sdo Paulo (UNIFESP) approved
the experimental protocol and the study was performed according to the Helsinki convention for the use and care
of animals.

2.2. Animal Preparation

Eighty male Wistar rats, two months old and weighing from 175 to 250 g, were housed in an environment of
20°C - 22°C at 60% - 80% relative humidity with 12 h light-dark cycle. Rat chow and water were supplied ad li-
bitum. We assigned the animals to either of the two study groups (1:1) defined by exposure to cigarette smoke
(exposed groups) or exposure to room air (non-exposed controls). Exposure to cigarette smoke included two
different forms: single smoke exposure (i.e., one session of 2h inhalation), or multiple inhalations (i.e., five or
30 consecutive days of exposure), in daily sessions of 2 h. Animals submitted to a single smoke exposure were
euthanized at 0 h, 2 h, 4 h, 24 h or 48 h after completing the exposure. The animals exposed to multiple smoke
sessions were euthanized after the last session of cigarette smoke inhalation (i.e., Day 5" and Day 30", respec-
tively). Experimental conditions included four rats in all cases.

2.3. Exposure to Cigarette Smoke

A previously validated exposure chamber was used [6]. Briefly, the 28 cubic liter chamber (30 cm in diameter
and 40 cm in height) was made of transparent Plexiglas, with eight small individual cylinders (7 cm in diameter
and 20 cm in length). An opening connection to the main chamber enabled the animal to be exposed to the inte-
rior of the chamber. In the group of exposed animals, the chamber received a constant flow of commercial ciga-
rette smoke (0.8 mg nicotine, 10 mg tar and 10 mg carbon monoxide), which came from an aspiration system
developed for this study. Carbon monoxide concentration (CO) was monitored and normalized to 45 - 55 ppm.
This system had a Venturi valve with three ports: in the left lateral portion of the valve (driving flow) com-
pressed air was connected with a flow of 50 - 100 ml/min. In the front port (air suction), a lit commercial ciga-
rette without filter was placed. In the right lateral portion (propulsory portion) a connection was made to a lateral
and lower hole in the main chamber to transport the cigarette smoke to the main chamber. The CO concentration
was maintained by mixing it with a compressed air flow of five L/min by means of a fan. A CO meter (TOXIC-
Biosystem, Middletown, UK) positioned in the main chamber monitored the CO concentration. The smoke was
constantly produced and exited to the outside environment at the top of the main chamber. The control group
was submitted to the same procedures, inhaling compressed air without cigarette smoke.

2.4. Euthanasia of Animals and Muscle Sampling

The rats were anesthetized with intraperitoneal pentobarbital (50 mg/kg) to induce deep anesthesia and sacri-
ficed by exsanguination through the abdominal aorta. Blood samples for cotinine analyses were collected. The
blood was centrifuged and the plasma was stored in a glass tube and kept frozen at —80°C until processing and
analysis. Samples of the right vastus lateralis and diaphragm were withdrawn. The time elapsed between the
withdrawal and freezing or immersion of the muscle samples in 4% formaldehyde was ~1 min. Samples were
fixed and embedded in paraffin for light microscopy study, as described below.

2.5. Serum Cotinine Concentration

Cotinine was measured in duplicate in each sample using an antibody for radioimmunoassay according to the
method described by Langone et al. [17] The level of crossed reactivity for cotinine with other nicotine metabo-
lites was less than 5%. The detected measurement variation of the cotinine curve was 0.2 - 20 ng/ml, with a var-
iation coefficient of 6% to 10%.

2.6. Evaluation of Sarcolemmal Disruptions

Muscle specimens were first dissected free of visible connective tissue and fat and embedded in paraffin using
conventional methods. Ten-micrometer sections were cut, varying the inclination of the holder by 5 degree in-

()



A. M. Fleig-Mayer et al.

crements until the minimum cross-sectional area was obtained, which was defined as truly transverse [14]. For
assessment and quantification of muscle injury we chose a method based on light microscopy. Cellular mem-
brane permeability to albumin is a sign of membrane injury [15]-[17]. Each sample was processed for immuno-
histochemical techniques using a polyclonal rabbit anti-human antibody directed against albumin (Code No.
A0001; DakoCytomation, DK-2600 Glostrup, Denmark) as a primary antibody. This immunocomplex was de-
tected using a horseradish peroxidase-labeled goat anti-rabbit secondary antibody (Code No. K4003; EnVision +
System-HRP labeled polymer, Dako Co., Carpinteria, CA, USA). The reaction was developed with a chromogen
solution with 3.3-diaminobenzidine (Code No. K3468; Liquid DAB + Substrate-Chromogen Solution, Dako Co.,
Carpinteria, CA, USA). The analysis of intracellular albumin was performed in duplicate (double-blind ap-
proach) using a categorical scale (0 - 3) with a light microscope (Olympus, Series AX70TF; Olympus Optical
Co., Shinjukuku, Tokyo, Japan) coupled with an image-digitizing camera (View Finder Lite; Version 1.0.143c;
Pixera Co., Los Gatos, CA) and a morphometry program (Scion Image, Version Beta 4.0.2; Scion Co., Frederick,
MD, USA). Qualification of fiber injury was performed in a four-category finite interval system, the extremes
representing either the absence of intracellular albumin (i.e., absence of sarcolemmal injury, Degree 0), or pres-
ence of intracellular albumin on the complete cellular area (i.e., Degree 3). The two intermediate categories were
determined by Degree 1 injury (i.e., presence of albumin in less than 50% of the fiber area) and Degree 2 injury
(i.e., presence of albumin on more than 50% of the fiber area, but not in all of it). The mean value of the findings
obtained by two observers was used for statistical analysis.

2.7. Evaluation of Sarcomere Disruptions

Samples were processed according to standard methods (Tissue Processor E9200, Biorad, Watford, UK) de-
scribed elsewhere (12). Micrographs of the muscle samples were taken from 16 randomly selected fields at con-
stant calibrated magnifications (x1900) using a transmission electron microscope (Philips CM100, Amsterdam,
The Netherlands). An accelerating voltage of 60 kV was used. Disrupted sarcomeres were evaluated as a sign of
subcellular muscle injury and defined as a zone with distinct distortion of the usual sarcomeric architecture, fol-
lowing six criteria: discontinuity of a group of myofibrils, A- and I-band disruption, Z-band streaming, embed-
ded subcellular components (mitochondria or collagen), preserved adjacent sarcomere, and absence of regional
sectioning artifacts (scratches, holes, or chatters). To quantify the subcellular injury, the proportion of disrupted
sarcomere (i.e., abnormal area fraction [Aap]) was normalized to the micrographed area and expressed as per-
centage. This analysis of sarcomere disruption was performed in duplicate using a double-blind approach. The
mean value obtained by the two observers was used for the statistical analysis.

2.8. Immunodetection of MyoD, Myogenin and a-Tubulin

Immunoblots were performed as previously described [18]. In brief, frozen muscle samples (5 - 10 mg) were
homogenized (1:10 w/v) in cold 10 mM Tris buffer pH 7.5 containing 1% sodium duodecyl sulphate (SDS) and
a protease inhibitors cocktail (Roche Diagnostics, Mannheim, Germany). Samples were centrifuged at 10,000
rpm for 10 min at 4°C. One hundred pl of the resulting supernatant was mixed with an equal volume of loading
buffer (125 mM Tris, pH 6.8, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol and 0.005% bromophenol blue),
which was then boiled for 4 min. The rest of the supernatant was kept at —80°C for further analysis. Proteins
were determined by DC Protein Assay from BioRad (California, USA). Thirty-one micrograms of protein were
loaded in a 10% polyacrylamide gel and submitted to electrophoresis (SDS-polyacrylamide gel electrophoresis).
Proteins were transferred to 0.45 micron nitrocellulose membranes (Amersham) using a BioRad Mini Trans-
Blot Cell, according to the manufacturer’s instructions [19]. Membranes were incubated in a phosphate-buffered
saline (PBS) containing 10% non-fat dry milk, 0.5% bovine serum albumin and 0.2% Tween 20 (blocking solu-
tion) for 2 h at room temperature with gentle rocking. Then, membranes were first incubated over night at 4°C in
blocking solution containing the primary and, after washing, secondary antibodies. We used the following anti-
bodies: anti-MyoD at 1:500 dilution (BD Biosciences Pharmigen, USA), anti-myogenin at 1:1000 dilution (BD
Biosciences Pharmigen, USA) and anti-a-tubulin mouse monoclonal antibody (Sigma Chemical CO. St. Louis,
MO. USA) at 1:1000 dilution. The secondary antibody, a horseradish peroxidase-linked donkey anti-mouse 1gG
for MyoD, myogenin and a-tubulin (Amersham International; Buckinghamshire, UK), was incubated at 1:2000
dilution in blocking solution at room temperature for 2 h. Blots were finally developed with the chemilumines-
cent peroxidase substrate (Sigma Chemical Co. St. Louis, MO. USA) and visualized with the GeneGenius gel



A. M. Fleig-Mayer et al.

documentation and analysis system (Syngene, Cambridge, UK). Band intensities (integrated optical density)
were determined by densitometric analysis using the GeneTools software (Syngene). Band results were always
normalized by the a-tubulin content.

2.9. Statistical Analysis

The variables are expressed as mean and standard deviation (SD). Kurtosis of each variable was evaluated. Va-
riables with normal distribution were analyzed using parametric tests. Non-normal variables were analyzed with
non-parametric tests. Specifically, cotinine concentrations and structural variables were compared between
groups using the unpaired Student’s t-test and Mann-Whitney U test. Pearson or Spearman coefficient was cal-
culated to evaluate the possibility of association between the variable sarcolemma injury and the serum cotinine.
The accepted alpha risk level was 0.05. The SPSS software version 10.0 was used for all statistical analysis.

3. Results

3.1. Single Exposure to Cigarette Smoke

Serum cotinine was used as a marker to confirm inhalation of cigarette smoke. Single sessions of smoking asso-
ciated with a significant increase of serum cotinine from 0.5 £ 0.3 to 8.3 £ 8.3 ng/ml (p < 0.0001) and carbox-
ihemoglobin concentration (maximum values 4.12% + 1.5%).

3.2. Cigarette Smoke Induces Damage of the Muscle Membrane

In order to evaluate disruption of the muscle membrane, we were guided by the detection of intracellular albu-
min (Figure 1). A mean of 271 + 85 fibers (range, 132 - 513 fibers per sample) were evaluated in each case. In

TRl o
4 Post8h S
8 (x20)

Figure 1. Exposure to cigarette smoke during a single session associates with sarcolemmal disruptions of the peripheral
muscles. Representative micrographs of vastus lateralis fibers structure obtained by using light microscopy for the detec-
tion of intracellular albumin using monoclonal antibodies. Cells showing membrane damage (permeability to high molecu-
lar weight molecules) appear in red-brown colors. To evaluate the time course of the membrane injury, animal groups were
euthanized at 0 h, 4 h, 24 h or 48 h after a single smoking exposure. Signs of sarcolemmal disruptions were present in a few
fibers of samples from control animals (a), which suggests that this disruptions represent a physiological (potentially repar-
ative) process. Neverhteless, animals exposed to inhaled cigarette smoke during a single 2 hours session showed a signifi-
cant increase of sarcolemmal disruptions ((b), (c), (d), (e) and (f)), as an expression of detrimental metabolic mechanisms
induced by cigarette smoke (even in absence of exertion).
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the control groups, the proportion of fibers with sarcolemmal damage (i.e., injury) was 5.8% + 4.3%. Single ex-
posure to cigarette smoke associated with increased percentage of muscle cells with sarcolemmal injury. The
mean relative difference (MRD) between exposed animals and controls was wide (Table 1 and Table 2), with
the greatest injury at the 0 h after a single exposure (MRD: 551%). Consecutive smoking exposure associated
with a persistent increase of cells showing membrane damage (128% at Day 5; 66% at Day 30).

3.3. Cigarette Smoke Induces Subcellular Damage

Transmission electron microscopy was used to evaluate the subcellular contractile structure. Signs of sarcomere
disruptions were found in all vastus lateralis samples. Both A- and I-band disruption and Z-band streaming
(Figure 2) were observed. In the control groups, the proportion of sarcomere Ay, fraction was 3.4% + 11%.
Single exposure to cigarette smoke was not associated with changes in the proportion of disrupted sarcomere.
Nevertheless, consecutive exposure to the cigarette smoke was able to induce significant subcellular muscle in-
jury as indicated by the increase of A, fraction (MRD: 637% at Day 5; 173% at Day 30). The range of values
of sarcomere disruption was wide (Aa, range: 8% - 35%) significantly higher in the muscle from animals ex-
posed to multiple sessions of cigarette smoke, and with the greatest injury after five sessions of exposure. The
consecutive 30 daily exposures associated with a persistent injury at the subcellular level. Figure 3 and Figure 4
show the median value (x95%CI) for sarcolemmal and sarcomere disruptions in the different experimental
groups.

3.4. Cigarette Smoke Induces Molecular Response in the Muscles

Figure 5(a) shows a representative western blot and a bar graph of MyoD expression in the vastus lateralis of
both control and exposed groups of animals euthanized at 4 h or 48 h intervals following exposure. MyoD ex-
pression was rapidly up regulated at 4 h after exposure (MRD: 937% + 491% p < 0.05) whereas at 48 h after

Table 1. Degree of sarcolemmal damage associated with smoking exposure.

Exposure to Cigarette Smoke

Sarcolemmal Damage

One Session Multiple Sessions

Time after Exposure Oh 2h 4h 24 h 48 h 5d 30d
Control Animals N, 7 8 7
Mean, % 43 6.9 6.0

Median, % 4.8 7.8 5.9

Minimum, % 0.0 0.0 0.8

Maximum, % 8.25 11.9 11.3

SD, % 41 5.2 5.2

Exposed Animals N, 8 8 7 8 8 14 14

Mean, % 28.0 23.4 16.5 12.7 134 15.8 10.0

Median, % 243 18.5 121 13.9 9.0 10.1 5.3

Minimum, % 12.9 13.8 0.0 6.8 3.9 0.0 0.0

Maximum, % 50.7 42.8 417 16.2 315 46.0 29.3

SD, % 16.0 131 17.8 4.3 12.9 15.2 10.5

MRD, % 551 444 283 195 211 128 66

Legend: Central tendency, dispersion and extreme values of the percentage of cells with signs of sarcolemmal damage (i.e., injury) as assessed by de-
tection of intracellular albumin. Abbreviations: (h): hours; (d): days; (N): number of animals/group; (SD): standard deviation; (MRD): mean relative

difference referred to control group.
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Table 2. Degree of sarcomere damage associated with smoking exposure.

Exposure to Cigarette Smoke

Sarcomere Damage

One Session Multiple Sessions

Time after Exposure Oh 2h 4h 24 h 48 h 5d 30d
Control Animals N, 7 8 7
Mean, % 13 35 6.0

Median, % 2.0 2.0 5.9

Minimum, % 0.0 1.0 0.8

Maximum, % 2.0 9.0 114

SD, % 12 3.7 53

Exposed Animals N, 8 8 7 8 8 14 14

Mean, % 3.8 5.7 45 5.5 4.8 25.8 16.4

Median, % 25 5.6 35 5.4 3.6 275 16.0

Minimum, % 2.0 2.2 2.0 2.0 25 16.0 11.0

Maximum, % 8.0 95 9.0 9.0 9.5 35.0 21.0

SD, % 29 3.3 31 31 32 7.6 34

MRD, % 192 338 246 323 269 637 173

Legend: Central tendency, dispersion and extreme values of the abnormal area fraction (%) of disrupted sarcomeres as assessed by electron micros-
copy following six criteria®®: discontinuity of a group of myofibrils, A- and I-band disruption, Z-band streaming, embedded subcellular components
(mitochondria or collagen), preserved adjacent sarcomere, and absence of regional sectioning artifacts (scratches, holes, or chatters). To quantify the
subcellular injury, both density (i.e., number of areas containing disrupted sarcomere, expressed as n/100 um?; and proportion (i.e., abnormal area
fraction, expressed as percentage) of disrupted sarcomere were normalized to the micrographed area. Abbreviations: (h): hours; (d): days; (N): num-
ber of animals/group; (SD): standard deviation; (MRD): mean relative difference referred to control group.

| Five se s
(x7100)

Figure 2. Peripheral muscles are susceptible to subcellular injury in association with multiple exposures to cigarette smoke.
Representative figures of sarcomere disruptions as assessed by transmission electron microscopy (x1900). Disrupted sar-
comeres were evaluated as a sign of muscle injury and defined as a zone with distinct distortion of the usual sarcomeric ar-
chitecture, defined by six criteria: discontinuity of a group of myofibrils; A- and I-band disruption, Z-band streaming; em-
bedded subcellular components (mitochondria or collagen); preserved adjacent sarcomere; and absence of regional section-
ing artifacts (scratches, holes, or chatters). Sarcomere disruptions were infrequent in muscle samples from control animals
or animals exposed to a single session of smoking (a). Nevertheless, sarcomere disruptions were increased in all samples
from both animals exposed to five (b) or thirty (c) daily sessions of smoke. The range of values of sarcomere disruption was
wide and with the greatest injury after 5 sessions of exposure.
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Figure 3. Sarcolemmal and sarcomeric disruptions show different time course and different magnitudes. Box-plot showing
median (horizontals), 95%CI (box) and extreme values (bars) of both sarcolemmal (a) and sarcomeric (b) disruptions in
controls and exposed animals related to cigarette smoke. Sarcolemmal permeability (i.e., membrane damage or injury) was
evident early after a single exposure to cigarette smoke. On the other hand, subcellular damage (i.e., sarcomeric disruptions)
increased after multiple exposures to cigarette smoke. Both detrimental structural changes show a tendency to decrease in
the face of multiple exposures reflecting the induction of potential adaptive mechanism(s) aimed to preserve muscle struc-
ture. Abbreviations: (*): p < 0.01.
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Figure 4. Early and delayed time course of sarcolemmal and sarcomeric muscle disruptions. Relationships between expo-
sure to cigarette smoke and structural changes at the membrane and subcellular level in the quadriceps muscles of animals.
Abbreviations: (*): p < 0.01.
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Figure 5. Effect of cigarette smoke on both myogenin and MyoD protein content at 4 h and 48 h after a single 2 h exposure
to cigarette smoke. (a) Representative western blot of MyoD content in vastus lateralis protein extracts. Bar graph shows
the mean percentage of control baseline change + SEM of myogenin/a-tubulin immunoreactivity in six separate experi-
ments; (b) representative western blot of MyoD content in vastus lateralis protein extracts. Bar graph shows the mean per-
centage of control baseline change = SEM of MyoD/a-tubulin immunoreactivity in six separate experiments.

exposure MyoD expression was similar to normal control values (MRD: 756% + 25%, p < 0.05 with regard to
increase of MyoD at 4 h after exposure). Figure 5(b) shows a representative western blot (panel A) and a bar
graph (panel B) of myogenin expression in the vastus lateralis of both control and exposed animals euthanized
at 4 h and 48 h intervals following exposure. Myogenin expression was rapidly up-regulated at 4 h after expo-
sure (1029% + 477%, p < 0.05, with regard to control) whereas at 48 h after exposure myogenin expression was
similar to normal control values.

4. Discussion

There are evidences that cellular injury is common in the human diaphragm, that it is more prominent in patients
with COPD, and that it is higher after inspiratory loading. Given that cigarette smoking is the main cause of
COPD, we hypothesized that gases and particulate matter from cigarette smoke could be involved in the suscep-
tibility to prolonged cellular and molecular disturbances found in these patients [1]. The present study demon-
strates that either single or repeated short-term exposure to commercial cigarette smoke induces acute injury on
non-exerted peripheral muscles.

Muscle injury is a concept that refers to a group of morphological abnormalities in muscles. Muscle injury is
usually restricted to exertion or disease, and the present study very clearly supports that cigarette smoke should
also be included in the list of causes of muscle injury. Because all vastus lateralis samples showed unequivocal
signs of injury in the non-exposed (control) animals, we postulate that sarcolemmal and sarcomere disruption
represents normal (physiological) phenomenon of damage/repair dynamics in muscle fibers. Nevertheless, a par-
ticular bimodal time-course was evidenced after the exposure to the cigarette smoke defined by an early devel-
opment of sarcolemmal disruptions followed by a delayed sarcomere injury. A rapid induction of subrogate
markers of skeletal muscle stress and repair processes (MyoD and myogenin protein expression) associated with
sarcolemmal and sarcomere damage.

Although the present study was not designed to elucidate the causal factors, the potential mechanisms can be
speculated. Acute smoke exposure can result in tissue damage, as suggested by increased products of lipid pe-
roxidation and degradation products of extracellular matrix proteins. On the other hand, acute cigarette smoke
has a suppressive effect on the number of eosinophils and on several inflammatory cytokines, possibly due to

)
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the anti-inflammatory effect of carbon monoxide. Calpain, a cytosolic protease capable of degrading cytoskelet-
al and myofibrillar proteins, has been involved in muscle injury associated to exertion [13]. Belcastro et al. [20]
postulated that increased oxidation may be important in marking proteins for degradation by decreasing their
conformational stability [13]. In the present study, animals were not submitted to general or limb exercise. This
implies that some systemic factors derived from cigarette smoke induce muscle injury [13] [20]. It is possible
that cigarette smoke increases protease activity (e.g., calpain) in the vastus lateralis and might increase oxida-
tion of proteins susceptible to free radical degradation.

Our findings are consistent with previous studies that assessed sarcolemmal injury by detecting intracellular
albumin [15]. Transmission electron microscopy is considered a very sensitive method for assessing diverse
signs of muscle injury. Compared with the effects of chronic smoke exposure on lung function and airway in-
flammation, there are few data on the acute effects of smoking. A review of the literature identified 123 studies
investigating the acute effects of cigarette smoking on inflammation and oxidative stress in human, animal, and
in vitro models [37]. An acute smoking model can supplement other ways of studying the effects of smoking
and remains an underinvestigated method for intervention studies in smoking related diseases. Previous studies
have demonstrated that when animals perform strenuous exercise, less than 5% of the fibers in the contracting
muscle show overt signs of injury when examined using light microscopy techniques. EM studies can show
myofilament disruption in as many as 50% of the fibers in muscle biopsy specimens. The present study suggests
that the severity of muscle injury could be underestimated by using a single morphological technique, because
immunohistochemical detection of albumin was sensitive for early (<24 h) damage whereas electron microscopy
was sensitive for subcellular changes which were detected after five or more days of exposure.

4.1. Molecular Response of Peripheral Muscle after Smoking Induced Injury

Numerous studies in both animal models and humans have shown that exertion can injure the limb muscles, [10]
and this phenomenon may involve several mechanical and metabolic processes [11] [21] [22]. Although exer-
tion-induced injury is associated with impaired muscle function (decreased strength and/or endurance), [10]
muscle injury also appears to stimulate complex mechanisms that can induce adaptive repair to stress in skeletal
muscles (i.e., training) [23] [24]. Skeletal muscle regeneration after injury is mainly produced by the prolifera-
tion and differentiation of adult myoblasts into myotubes, in a process reminiscent of embryonic muscle devel-
opment [25]. This process is first characterized by the rapid upregulation of MyoD, a primary member of the
myogenic regulatory family (MRF), that triggers myoblast proliferation [25]. In our study we clearly show a
rapid (4 h after tobacco smoke inhalation) upregulation of MyoD in vastus lateralis. This up-regulation of
MyoD is therefore consistent with the onset of skeletal muscle repair processes (myoblast proliferation) upon
injury caused by acute tobacco smoke inhalation. Upregulation of MyoD expression has been detected in several
models of muscle regeneration [26]. In this regard, MyoD expression appears to be essential for muscle regener-
ative capacity, as shown in a MyoD knockout mice model [27]. A second step in skeletal muscle repair and re-
generation involves withdrawal of proliferating myoblasts from the cell cycle to become terminally differen-
tiated myotubes. This second step requires inducing the expression of myogenin (a late MRF) [28]. In our study
we clearly show a rapid (4 h after tobacco smoke inhalation) up-regulation of myogenin in vastus lateralis. This
upregulation of myogenin is also consistent with a progression of skeletal muscle repair processes (satellite cell
differentiation into myotubes) upon injury caused by acute tobacco smoke inhalation. In this context, regulation
of myogenic pathways for muscle cell growth and differentiation is controlled by NF-xB transcription factor
[29]. Therefore, we used western blot analysis to further explore the effect of exposure to tobacco smoke on the
expression of the NF-xB p65 subunit and the IkBe inhibitory subunit in vastus lateralis at 4 h and 48 h after
smoking. Our experiments found no differences in the expression of these proteins compared with control
non-exposed animals (data not shown). This negative result is consistent with dynamically preserved levels of
NF-xB activity, since (as discussed above) tobacco smoke could induce satellite cell (myoblast) proliferation,
characterized by both an increased expression of MyoD and NF-«kB activity, on the one hand and on the other
hand myotube differentiation characterized by the up-regulation of myogenin and loss of NF-«xB activity [29].

4.2. Relevance of Findings

The capacity to perform physical exercise is determined for multiple organs and systems [30] [31]. Patients with
COPD undergo several degrees of impairment in their capacity to perform exercise and daily physical activities
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[32]-[37]. Impairment of ventilatory function represents the main limiting factor for exercise capacity in most
COPD patients. However, extra-pulmonary factors also play a significant role in limiting exercise. Given that
cigarette smoking is the main cause of COPD, we hypothesized that gases and particulate matter in smoke could
be involved in the prolonged cellular and molecular disturbances found in these patients [1]. The present expe-
rimental study confirms that a detrimental effect (as assessed by membrane and subcellular injury) is not only
related to multiple but also single, short-term and low-dose inhalation of gases and/or particulate matter from
commercial tobacco smoke. Together, these results support the notion that smoking status should be included as
a variable in further studies aimed to evaluate the relationships between presence or severity of COPD and ske-
letal (respiratory and peripheral) muscle function and structure. Nevertheless, the question of how the bimodal
time-course and trends observed in membrane and sarcomere injury can explain a persistent muscle dysfunction
in patients with COPD even after smoking cessation remains unanswered.

The present study shares the typical limitations of animal studies. Acute smoking models are relatively easy
and sensitive method of investigating the specific effects of cigarette smoke. However, the study design does not
allow estimating the effects of chronic smoking (longer than one month) on muscle integrity. Finally, it may be
argued that nutritional, whole-body metabolism, and functional studies of muscle strength and endurance could
have offered comprehensive information regarding the functional translation the findings.

5. Conclusion

This study shows that a single exposure for just two hours to commercial cigarette smoke associates with a de-
leterious effect on the peripheral muscles of mice as assessed by sarcolemmal and sarcomere injury in vastus la-
teralis muscles. In addition, rapid upregulation of both myogenin and MyoD is detected from 4h after tobacco
smoke inhalation. These findings may indicate that activation of cellular programs that direct satellite cell proli-
feration and myotube differentiation (the first and second steps of muscle repair processes) take place in peri-
pheral muscles shortly after tobacco smoke inhalation. Collectively, the results show that peripheral skeletal
muscles are susceptible to injury after acute inhalation of tobacco smoke, which is followed by a rapid induction
of subrogate markers of skeletal muscle stress and repair processes

Sources of Support
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