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Consumption of non-traditional cigarettes has increased considerably worldwide, and
they can induce skeletal muscle dysfunction. Physical exercise has been demonstrated
to be important for prevention and treatment of smoking-related diseases. Therfore,
the aim of this study was to investigate the effects of combined physical exercise
(aerobic plus resistance exercise) on muscle histoarchitecture and oxidative stress in
the animals exposed chronically to smoke from hand-rolled cornhusk cigarette (HRCC).
Male Swiss mice were exposed to ambient air or passively to the smoke of 12 cigarettes
over three daily sessions (four cigarettes per session) for 30 consecutive days with or
without combined physical training. 48 h after the last training session, total leukocyte
count was measured in bronchoalveolar lavage fluid (BALF), and the quadriceps were
removed for histological/immunohistochemical analysis and measurement of oxidative
stress parameters. The effects of HRCC on the number of leukocytes in BALF, muscle
fiber diameter, central nuclei, and nuclear factor kappa B (NF-κB) were reverted after
combined physical training. In addition, increased myogenic factor 5, tumor necrosis
factor alpha (TNFα), reduced transforming growth factor beta (TGF-β), and nitrate
levels were observed after physical training. However, the reduction in superoxide
dismutase and glutathione/glutathione oxidized ratio induced by HRCC was not affected
by the training program. These results suggest the important changes in the skeletal
muscle brought about by HRCC-induced alteration in the muscle redox profile. In
addition, combined physical exercise contributes to remodeling without disrupting
muscle morphology.

Keywords: hand-rolled cornhusk cigarette, cigarette smoke, combined physical exercise, oxidative stress,
muscle
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INTRODUCTION

Any form of tobacco-containing cigarettes such as industrialized
cigarette and handmade cigarette is a complex mixture of
toxicants which can pose several risks, such as redox profile
alteration and resulting cellular structure deformation in
the biological systems (Valença et al., 2005; Gochman et al.,
2007; Bhalla et al., 2009; Menegali et al., 2009; Saito et al.,
2012; Madani et al., 2018). However, the consumption of
other forms of cigarettes, especially handmade or natural
cigarettes, which do not undergo industrial processing,
has increased considerably worldwide. These cigarettes
are erroneously considered healthier than industrialized
cigarettes, but the consequences of cigarette smoking are not
yet sufficiently well known to generate concern among the
public. The use of hand-rolled cornhusk cigarettes (HRCC)
has increased in Brazil (Levy et al., 2012), and it has generated
intense concern among the public with respect to its effects
on health.

Hand-rolled cornhusk cigarette consists of tobacco macerated
and rolled up in a corn husk. The effect of this HRCC-
exposed smoke is similar to the effect of other types of
cigarettes (Valença et al., 2004; Lanzetti et al., 2011; Nesi
et al., 2016). However, HRCC smoke can be more severe
than other forms of cigarettes because the smoke contains
particulate matter and other chemical agents. In addition,
the absence of gunpowder in corn straw induces the smoker
to exert a more intense inspiratory flow, which leads to
a greater uptake of cigarette smoke by the airways when
compared to industrialized cigarettes. In fact, these characteristics
may potentiate the harmful effects of tobacco and induce
alterations in the oxidative stress parameters (Camera et al.,
2019). The skeletal muscle is highly susceptible to the effects
of cigarette smoke, which can interfere with the quality of
muscle structure and function in smokers (Barnes, 2014;
Krüger et al., 2018). This cigarette smoke is associated
with muscle weakness (Seymour et al., 2010; van den Borst
et al., 2011; Barreiro et al., 2012) and reduced muscle mass
(Mathur et al., 2014). These effects are attributed to the
toxic substances contained in the smoke that stimulates the
degradation of muscle proteins and impairs protein synthesis
(Rom et al., 2012).

Aerobic physical exercise exerts a protective effect on
the oxidative and inflammatory agents present or induced
by industrial cigarette smoke (Menegali et al., 2009; Nesi
et al., 2016; Madani et al., 2018). Moreover, resistance
exercise can also be helpful by increasing muscle tone and
density (Saito et al., 2012), by assisting the recovery of
respiratory function (Singh et al., 2011), and by stimulating
the antioxidant and anti-inflammatory systems (Souza
et al., 2017; Vilela et al., 2018). However, the effects
of the association of both types of exercise (combined
exercise) are still under investigation. Thus, the objective
of the present study was to investigate the effects of
combined physical exercise on muscle histoarchitecture
and oxidative stress parameters in mice exposed to
HRCC smoke.

MATERIALS AND METHODS

Animals
Male 3 to 4-month-old Swiss mice (30–35 g) were randomly
assigned into four groups (n = 9): Ambient air (AA), HRCC,
AA-plus combined exercise, and HRCC plus combined exercise.
The training protocol and cigarette exposure were performed
simultaneously for 4 weeks of experiments. Food and water were
available ad libitum, and the room temperature was maintained
at 20 ± 2◦C, with 70% humidity under a 12-h light/dark cycle.
The Institutional Committee for Animal Care at Universidade
do Extremo Sul Catarinense approved all the procedures under
protocol number 087/2015-1.

HRCC Exposure
Cornhusk cigarettes were purchased from farmers in the city of
Severino, RS, Brazil. The tobacco leaves were stripped, macerated,
and indirectly exposed to the sun for 48 h. To prepare HRCC,
0.8 g of dry tobacco was uniformly wrapped in a cornhusk.
The amount of tobacco used in each cigarette was equivalent
to that present in one commercial cigarette. Animals were
exposed to 12 HRCC smokes per day; the regimen included
exposure to four cigarettes, three times a day, 7 days/week over
30 days (Camera et al., 2019). Briefly, animals were placed in
an inhalation chamber (40 cm long, 30 cm wide, and 25 cm
high), with an exhaust air system. Each cigarette was connected
to a plastic 50-mL syringe, and smoke puffs were aspirated and
subsequently injected into the exposure chamber. The animals
were maintained under this condition for 6 min. After each
cigarette use, the box was opened for 1 min to exhaust the
air. The animals were kept in this smoke-air condition for
27 min per session.

Training Protocol
The combined-exercise training protocol consisted of 30 min of
aerobic training and approximately 30 min of resistance training.
The training period lasted 4 weeks, and the training frequency
was 3–4 days per week, with 48-h intervals between sessions,
for a total of 30 days. For aerobic training, the animals were
habituated on a ninechannel motor-driven treadmill at 10 m/min
for 10 min/day for 1 week to ease their adaptation to the new
environment. The mice did not receive any stimuli to run. The
exercise groups performed an incremental running program at
progressive levels of intensity (13–17 m/min). Untrained animals
were placed on a switched-off treadmill for the same 8 weeks
as the exercise-trained groups. For resistance training, animals
were familiarized with climbing a ladder (1.1 × 0.18 m, 30.2-cm
high steps, 80◦ slope), as previously described (Souza et al., 2017).
A load was secured to the base of the tail using plastic insulation
tape. A repetition was deemed successful when the animal
climbed from the bottom of the rack to the top. The exercise
consisted of climbing the ladder carrying a load corresponding
to 25% of the animal body weight; the weight was progressively
increased to 50 and 75%, with 8–12 repetitions and a 2-min break
between repetitions. When necessary, food was placed at the top
of the ladder to encourage animals to perform the exercise.

Frontiers in Physiology | www.frontiersin.org 2 November 2020 | Volume 11 | Article 590962

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-590962 November 11, 2020 Time: 15:25 # 3

Thirupathi et al. Exercise Prevent Oxidative Stress

Bronchoalveolar Lavage (BAL)
The animals were anesthetized with ketamine (150 mg/kg) and
xylazine (10 mg/kg), and BAL was performed through a tracheal
cannula with 3 × 1 mL phosphate-buffered saline (PBS) lavage.
Approximately 1.5 mL (80%) of bronchoalveolar lavage fluid
(BALF) was recovered from each mouse examined. A 100 µL
aliquot was used for the total cell count, the remainder was
immediately centrifuged at 300× g for 10 min, and the cell pellets
were washed twice and resuspended. The supernatants of BALF
containing total leucocytes were measured in Neubauer counting
chamber, and the remaining sample was stored at−80◦C.

Euthanasia and Tissue Preparation
After BAL procedures, all the animals were euthanized by cervical
displacement. The right quadriceps (central portion) from three
animals from each group were fixed with 4% paraformaldehyde
and processed for histology. The remaining samples were
aliquoted and stored at−80◦C for future biochemical analysis.

Histological and Morphometrical
Analyses
Material cleavage was performed using specific cuts. Formalin
fixed paraffin embedded (FFPE) skeletal striated muscle tissue
samples were sliced on a microtome to 4-µm-thick histological
sections, which were stained with hematoxylin & eosin. For
histological analysis, digital images were captured using a
slide scanner (AxioScan Zeiss) and diameter was calculated
using a software for morphometric analysis (Image Proplus).
In each group, 10 photomicrographies were selected in an
area of 288815.2563 µm2, and the smallest diameter of 10
fibers per field was measured. The data are presented as
number and average fiber diameter per field. Quantitative
determinations of centralized nuclei were also conducted in
the same way as histological analyses using image analysis
software. The assessment was performed in a single-blind manner
(Stewart et al., 2016).

Tissue Microarray (TMA) and
Immunohistochemistry (IHC)
Representative areas of the muscle were transferred from
the histology block to a recipient tissue microarray (TMA)
block. Next, two 4-µm-thick paraffin-embedded sections of
the TMA blocks were transferred to electrically charged
Star FrostTM (Braunschweig, Germany) slides and incubated
with a primary anti-nuclear factor kappa B (NF-κB) p105/50
(ab797; 1:200; Abcam, Cambridge, United Kingdom) and
Tumor necrosis factor alpha (TNFα) (ab6671; 1:100; Abcam)
overnight in a humidified chamber at a temperature between
2 and 8◦C. The slides were incubated with the secondary
antibody for 30 min at room temperature, using the Reveal
Polyvalent horseradish peroxidase (HRP)–Diaminobenzidine
(DAB) kit (Detection System-Spring BioscienceTM, Pleasanton,
CA, United States). The immunoreactivity was developed
by adding DAB chromogen/substrate solution (Spring) to
the slides. Harris hematoxylin was used for counterstaining.
Positive and negative controls were run in parallel with all

reactions. The slides were scanned using the Axio Scan.Z1
scanner (Carl Zeiss, Germany). The files generated were
fragmented into single images, and approximately 25 images
were selected for analysis. The areas of immunopositive
markings for the anti-NF-κB p105/50 and TNFα antibodies
were quantified using Image-Pro Plus software version 4.5
(Media Cybernetics, United States). The immunopositive objects
were selected using a “mask” for standardizing and automating
the process. The numerical data of the immunopositive
marking area were generated and subsequently exported to an
Excel spreadsheet.

Biochemical Assays
The levels of oxidized intracellular 2′,7′-dichlorofluorescein
(DCF) were monitored in samples incubated with 2′,7′-
dichlorodihydrofluorescein (DCFH). The formation of the
oxidized fluorescent derivative was monitored at excitation
and emission wavelengths of 488 and 525 nm, respectively,
using fluorescence spectrophotometer instruments (LeBel et al.,
1992). To evaluate the indirect nitric oxide (NO) production,
the levels of nitrate were measured from of reduction of
nitrate by vanadium (III) combined with detection by the
acidic Griess reaction (Miranda et al., 2001). Superoxide
dismutase (SOD) activity was determined spectrophotometrically
at 480 nm and estimated by adrenaline autooxidation inhibition
and expressed as U/mg of protein (McCord and Fridovich,
1969). The total glutathione (GSH) levels were based on
the reaction of GSH with 5,5′-dithiobis-(2-nitrobenzoic acid)
(DTNB) (Ellman’s reagent), which forms an oxidized glutathione
(GSSG)–2-nitro-5-thiobenzoic acid (TNB) product that is
later reduced by glutathione reductase in the presence of
NADPH with the consequent synthesis of GSH. The total
GSH concentration was determined using a regression curve
that was plotted using various GSH standards. The GSSG
level was measured from the recycling of GSSG by the
spectrophotometric monitoring of NADPH in the presence
of 2-vinylpyridine. The total GSH and GSSG concentrations
were determined using a regression curve plotted using
various GSH standards (Rahman et al., 2006). The myogenic
factor 5 (Myf5) level was measured by western blot. The
samples were homogenized in lysis buffer supplemented
with protease and phosphatase inhibitors for future total
protein extraction. The protein extracts were separated by
SDS–PAGE and processed for western blot analysis using
antibodies against Myf5 (Santa Cruz Biotechnology, Inc.)
according to the standard procedure. The values obtained were
normalized to those of β-actin (Santa Cruz Biotechnology).
Transforming growth factor beta (TGF-β) tissue concentrations
were determined using commercial ELISA kits as recommended
by the manufacturer (R&D systems R©, United States; ALPCO R©,
United States; Labtest R©, Brazil).

Statistical Analysis
All data are presented as the mean ± standard error of the mean
(SEM), and differences between groups were subjected to one-
way analysis of variance (ANOVA) followed by the Newman–
Keuls post hoc test when appropriate. Differences with p < 0.05

Frontiers in Physiology | www.frontiersin.org 3 November 2020 | Volume 11 | Article 590962

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-590962 November 11, 2020 Time: 15:25 # 4

Thirupathi et al. Exercise Prevent Oxidative Stress

FIGURE 1 | Histology of the quadriceps of mice chronically exposed to hand-rolled cornhusk cigarette (HRCC) smoke and combined exercise. Panels (A–D) are
photomicrographs stained with H & E: (A) ambient air (AA), (B) HRCC, (C) AA-plus combined exercise, (D) HRCC plus combined exercise. Panel (E) represents the
number of fiber per field, panel (F) represents the mean of smallest diameter of 10 fibers per field and panel (G) represents the percentage of nuclei centralized. The
data are expressed as mean and standard error of the mean and were analyzed statistically using two-way ANOVA, followed by the Newman–Keuls test. The groups
were considered different when p ≤ 0.05* (difference in relation relation to the ambient air, # difference in relation to HRCC). Images under 20× objective.

were considered statistically significant. All statistical analyses
were performed using GraphPad Prism 6 software.

RESULTS

HRCC Induces Morphological
Alterations in Quadriceps
Figure 1 shows representative images of cross-sectional
histological sections of the quadriceps muscle. Control animals
presented a normal morphology and peripheral nuclei muscle
fibers (Figure 1A). Animals untrained exposed to HRCC
(Figure 1B) exhibited decreased muscle fiber diameter
compared to the control animals. In Figure 1C, trained
animals showed increased muscle fiber diameter and the
presence of the central nuclei. Figure 1D shows a decrease
in muscle fiber diameter and the presence of peripheral
nuclei on animals exposed to cigarette smoke and combined
exercise. These data are represented graphically in Figure 1E
(fibers number), Figure 1F (fiber diameter), and Figure 1G
(centralized nuclei).

HRCC Smoke-Induces Myf-5 While
Suppressing TGF-β Level
Combined exercise with HRCC-exposure-induced changes in
muscle remodeling. We observed that Myf-5 level was increased
in combined training with HRCC-exposed animals when
compared to HRCC (Figure 2A), whereas TGF-β level was
decreased with combined exercise plus HRCC-exposed animals
when compared to HRCC (Figure 2B).

Combined Physical Exercise Regulates
HRCC-Induced Inflammatory
Parameters
Figure 3 inflammatory parameters in BALF and quadriceps.
The number of total leukocytes in BALF was used as an
inflammatory indicator. The results showed an increased number
of leukocytes in the animals exposed to HRCC smoke while
there was a decrease after physical exercise in the groups of
AA+Ex and HRCC+EX (Figure 3A). Quantitative values of
immunoexpression of NF-κB p105/50 and TNFα was analyzed
and are represented in Figures 3B,C. The immunoexpression
of NF-κB p105/50 and TNF (within the muscle fiber) increased
in the muscles of animals exposed to HRCC, and it was
significantly reduced after physical training. TNFα (in connective
tissue) immunoexpression did not show significant changes
with HRCC. However, it was significantly increased with
exercise. Immunostaining data and representative graphic of
these molecules are presented in Figure 3D.

Combined Exercise Promotes Change in
the Oxidative Stress Parameters After
HRCC Exposure
Levels of DCF and nitrate were used as indicators of cellular
oxidants, while the activity of SOD, total GSH, GSSG and the
ratio of reduced glutathione to oxidized glutathione (GSH/GSSG)
were used as indicators of antioxidant defense systems. The
results depicted in Figure 4A show a significant increase
in nitrate levels in animals exposed to HRCC smoke and
a reduction in this level after combined physical training.
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FIGURE 2 | Effect of combined exercise on parameters of muscle remodeling in quadriceps of mice exposed to hand-rolled cornhusk cigarette (HRCC) smoke. The
content of myogenic factor 5 (Myf5) (A) was normalized to β-actin, and the production of transforming growth factor beta (TGFβ) (B) was normalized to the total
amount of protein. Data are expressed as mean and standard error of the mean and were analyzed statistically using two-way ANOVA, followed by the
Newman–Keuls test. The groups were considered different when p ≤ 0.05* (difference in relation to the ambient air, # difference in relation to HRCC).

However, no significant changes were observed in DCF levels
(Figure 4B). SOD activity was significantly reduced with HRCC
smoking, but the level of SOD in HRCC with combined
exercise program did not have a significant effect (Figure 5A).
Total GSH was significantly decreased after HRCC exposure
(Figure 5B), while animals of HRCC plus exercise presented
increased levels of GSSG when compared to respective controls
(Figure 5C). GSH/GSSG ratio was significanlty decreased with
HRCC exposure, and these values remained reduced after
combined physical training (Figure 5D).

DISCUSSION

Physical exercise has been widely used to minimize the cigarette-
induced damages (Pinho et al., 2007; Menegali et al., 2009;
Koubaa et al., 2015; Nesi et al., 2016). Several studies have
demonstrated that smokers have muscle abnormalities, which
lead to a reduction in exercise performance (Barnes, 2014;
Gea et al., 2015). However, studies conducted on cigarette-
exposure-induced abnormalities in the skeletal muscle results are
inconclusive because of the characteristics of physical exercise
and the type of cigarette promote different responses. The effects
of exercise are directly dependent on the frequency, intensity,
duration, and period of training (Pinho et al., 2006), whereas
the type of cigarette and the form of consumption lead possibly
to different changes in cardiorespiratory and muscular functions
(Camera et al., 2019). In this scenario, this is the first study to
show the effects of combined exercise (aerobic plus resistance
exercise) on animals’ skeletal muscle exposed to HRCC smoke.

This study showed a decrease in muscle fiber diameter
and the presence of peripheral nuclei on animals exposed to
HRCC smoke and combined exercise. Previous studies have
already demonstrated that chronic smoking induces negative
impacts on skeletal muscle structure (Morse et al., 2007;

Nogueira et al., 2018), and functions (Degens et al., 2015),
while other studies showed improvement in muscle structure
in physical exercise (Krüger et al., 2018). When exposed to
cigarette smoke, the muscle is more susceptible to atrophy
in response to differentiation, proliferation, and remodeling
mechanisms (Chan et al., 2020). The muscle morphology
alterations induced by HRCC smoke was reverted by combined
exercise but, in terms of muscle adaptation, HRCC+exercise
group depicts lower fiber diameter and nuclei centralization
is not different from HRCC. These results suggest a possible
inability of muscle adaptation to combined exercise. This non-
adaptive response may be associated with insufficient stimulus
(intensity and training period) to induce muscle adaptation
mediated by combined exercise. Under these conditions, we
observed decreased muscle differentiation by increasing TGFβ

expression and inhibiting Myf5 expression. TGFβ is an important
marker of tissue remodeling and negatively affects skeletal
muscle regeneration by inhibiting satellite cell proliferation
and expression of some muscle-specific genes such as Myf-5.
Besides, TGFβ is associated with an increase in inflammatory
markers (Böhm et al., 2016), and it induces ubiquitin-proteasome
protein degradation (Waning et al., 2015). TGFβ reduction by
combined exercise may be one of the important mechanisms that
contribute to tissue regeneration in the skeletal muscle, especially
by stimulating the Akt-mTOR pathway as already demonstrated
in smooth muscle cell (Latres et al., 2005; Suwanabol et al., 2012)
via IGF-1 signaling, which is stimulated, particularly, through
muscle strength exercises. The relationship between TGFβ and
Akt-mTOR in the skeletal muscle needs to be better investigated
under the effect of cigarette smoking and physical exercise.

Systemic inflammation and oxidative stress are important
injury mechanisms that induce independent respiratory and
skeletal muscle effects (Cielen et al., 2016). An increase in
the recruitment of inflammatory cells to the lung interstitium
is observed in smokers (Kennedy-Feitosa et al., 2014), and it
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FIGURE 3 | Effect of combined exercise on inflammatory parâmeters of mice exposed to hand-rolled cornhusk cigarette (HRCC) smoke. The number of total
leukocytes in Lavage fluid (BALF) (A) are expressed as mean and standard error of the mean and were analyzed statistically using two-way ANOVA, followed by the
followed by the Newman–Keuls test. The groups were considered different when p ≤ 0.05* (difference in relation to the ambient air, # difference in relation to HRCC).
Percentage of inflammatory proteins immunoexpression in quadriceps of animals exposed to HRCC and combined exercise were selected from 25 images of four
animals per group. The areas of immunopositivity for NF-κB p105/50 (B) and TNFα (C) were expressed as percentage average relative to standard molecule and
analyzed statistically using one-way ANOVA, followed by the Newman–Keuls test. The groups were considered different when the value of p was ≤ 0.05* (difference
in relation to the ambient air, # difference in relation to HRCC). Representative images of immunohistochemical analysis of quadriceps of animals exposed to HRCC
and combined exercise (D). NF-κB positive control (A1), NF-κB negative control (A2), NF-κB Ambient air (B1), NF-κB HRCC (B2), NF-κB AA+exercise (C1) NF-κB
HRCC+exercise (C2), (A3), TNFα negative control (A4), TNFα Ambient air (B4), TNFα HRCC (B4), TNFα AA+exercise (C3) TNFα HRCC+exercise (C4).

presents a risk of tissue damage through the release of toxic
mediators, including cytokines, proteolytic enzymes, and ROS
(Bhalla et al., 2009). Besides, systemic inflammation is associated
with reduced protein synthesis and enhanced protein breakdown,
accounting for muscle mass loss and function (Costamagna
et al., 2015). In this scenario, our results did not demonstrate
alterations in the immunoexpression of TNF-α in muscle tissue
after exposure to HRCC. However, exercised animals presented
elevated levels of TNF-α, and these results may be related to
the intensity of exercise and a possible non-adaptation of the
animals to the training protocol. There is no evidence to support
the understanding that muscle cells secrete or express TNF-α
in vivo. Most of the evidence for cytokine expression in the
skeletal muscle is derived from the analysis of isolated RNA
or protein extracts from the homogenized muscle (Egan and

Zierath, 2013; Peake et al., 2015). Therefore, our results revealed
immunodetection only in the perisimal area. The elevated
level of TNF-α is not correlated only to the grade of muscle
inflammation, but also to cellular events during the muscle
regeneration in response to injury or non-adaptive processes
(Li, 2003).

As presented in this study, previous work has shown that
cigarette smoke stimulates the NF-κB activation (Kaisari et al.,
2013), and its inhibition prevents muscle degeneration, protein
breakdown, and myofiber death (Ahn and Aggarwal, 2005).
Although the precise mechanism by which inflammation is
involved in protein breakdown/turnover rates is still poorly
investigated, Krüger et al. (2018) have recently suggested
that a decrease in systemic inflammation and inflammatory
mediators in the muscle can indirectly reduce the activation
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FIGURE 4 | Effect of combined exercise on oxidative stress parameters in quadriceps of mice exposed to hand-rolled cornhusk cigarette (HRCC) smoke. The values
of nitric oxide (A), 2′,7′-dichlorofluorescein (B) are shown as the mean and standard error of the mean and were analyzed statistically using two-way ANOVA,
followed by the Newman–Keuls test. The groups were considered different when p ≤ 0.05* (difference in relation to the ambient air, # difference in relation to HRCC).

FIGURE 5 | Effect of combined exercise on antioxidants in quadriceps of mice exposed to hand-rolled cornhusk cigarette (HRCC) smoke. Superoxide dismutase
activity (SOD) (A), Total GSH activity (B), GSSG level (C), and glutathione (GSH)/oxidized glutathione (GSSG) ratio (D) are shown as the mean and standard error of
the mean and were analyzed statistically using two-way ANOVA, followed by the Newman–Keuls test. The groups were considered different when p ≤ 0.05*
(difference in relation to the ambient air, # difference in relation to HRCC).

of catabolic pathways via ubiquitin-proteasome proteolytic
pathway (Costamagna et al., 2015) and increase anabolic
signals (Krüger et al., 2018). Although the contractile muscle
activity during exercise also contributes to enhancing the NF-
κB levels (Kramer and Goodyear, 2007), moderate exercise
training decreases NF-κB activation (Liu and Chang, 2018).

Reduced NF-κB levels after exposure to cigarette smoke by
exercise may be related to different effects of anti-inflammatory
stimulus-induced by moderate exercise, including secretion of
anti-inflammatory myokine IL-6, increase in systemic levels of
the anti-inflammatory cytokines such as IL-10 and IL-1RA,
downregulation of Toll-like receptor expression. Regular exercise
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FIGURE 6 | Represents the schematic diagram of HRCC smoke effect on trained and untrained skeletal muscle.

lowers circulating numbers of pro-inflammatory monocytes,
inhibits monocyte and or macrophage infiltration, and increases
Treg cell numbers in circulation (Gleeson et al., 2011;
Wang et al., 2020).

The toxic substances contained in HRCC smoke stimulate
the inflammatory response and induce an altered redox system
(Figure 6). The skeletal muscle is extremely responsive to
cigarette smoke (Barnes, 2014; Krüger et al., 2018), favoring
ROS production. Here, no significant alteration in the DCF
production was observed in the different experimental groups,
However, nitrate levels were significantly affected by both HRCC
smoke and combined exercise. The results about DCF are
apparently surprising because previous studies have already
demonstrated that cigarette smoke induces elevated levels of DCF
in the lung that are reduced after physical training (Menegali
et al., 2009; Nesi et al., 2016). However, the skeletal muscle
seems to respond differently to cigarette stimulus than the lung.
Observed changes in nitrate levels from HRCC exposure, suggest
a possible participation of reactive species of nitrogen on the
redox system of the skeletal muscle. This can be reinforced by the
low activity of SOD, and the concomitant increase in nitrate levels
suggests an alternative pathway to dismutation of superoxide
leading to the formation of peroxynitrite (Jourd’heuil et al., 2001).
After a combined physical training program, a reduced level
of nitrate was observed as well as an increase in SOD activity
without changing the DCF levels. This response from exercise
is possibly associated with the effects of exercise on the activity
of enzymes that catalyze hydrogen peroxide (Pinho et al., 2006;
Scheffer et al., 2012; Tromm et al., 2016).

Cigarette-induced glutathione system depletion has been
revealed in previous studies (Raza et al., 2013; Gould et al., 2015).
Our results show that after exposure to HRCC smoke presented a
lower level of total GSH and GSH/GSSG ratio than in control, and
this effect was more accentuated with physical exercise. Previous
studies have already shown that under the influence of cigarette

smoke, the GSH/GSSG ratio is reduced in plasma (Moriarty
et al., 2003), heart, and liver (Montiel-Duarte et al., 2004), and
other studies indicate a reduced level of GSH in lung (Camera
et al., 2019). In skeletal muscle, GSH levels vary depending on
the metabolic profile of the tissue (Sen, 1998) and the state of
physical exercise (Ji et al., 1992). Notably, the results of this
study show that physical training further decreases the cigarette-
induced GSH/GSSG ratio. This may be associated with increased
detoxification induced by physical exercise. Physical exercise
increases the expression and activity of glutathione peroxidase
(GPx) in muscle (Lambertucci et al., 2007; Nguyen et al., 2016).
GPx catalyzes the reduction of organic hydroperoxides using
GSH as a reductant (Brigelius-Flohé and Maiorino, 2013). If the
resynthesis of GSH is impaired or if the oxidation rate is greater
than resynthesis under the effect of HRCC cigarettes, the level of
GSSG remains high, reducing the GSH/GSSG ratio (Lambertucci
et al., 2007).

LIMITATION OF THE STUDY

This study selected only male mice to investigate the effect of
combined physical exercise that were exposed to AA or passively
to the smoke HRCC. This could limit the outcome of precise
prediction of sex differences in the redox profile that contribute
muscle remodeling after the smoke exposure. Although, studies
have shown that female gender have type II fiber atrophy and
greater loss of muscle strength when compared to male gender,
indicating that intrinsic properties of muscle are prone to altered
in female smokers, and this effect is more related to their
amount of physical activity (Ausín et al., 2017). Regarding muscle
structure with cigarette smoking people, percentage of type II
fibers lower in female than male even in similar nutritional status,
systemic inflammation, and physical activity (Gosker et al., 2007).
Ausín et al. (2017) showed that female with cigarette smoking
history had higher level of muscle damage than male. But males
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showed improved signs of early steps of muscle regeneration
than cigarette smoking females. However, these findings suggest
that different susceptibility of patients of both genders to
injury may be linked with different stimuli such as tobacco
and/or amount of physical activity. Furthermore, the earlier
muscle regeneration capacity with male cigarette smoking does
not necessarily means that it can complete its reparative
process will continue correctly until the end (Thériault et al.,
2014). Other factors like vitamin D deficiency is positively
influenced with the muscle mass, and female with smoking
history is more pronounced with vitamin D deficiency (Dawson-
Hughes, 2012). In contrast, Sharanya et al. (2019), observed
that female gender who have smoking history and longer times
spent standing have reduced muscle fiber size, muscle strength
and peak workload. However, this sex difference occurred
due to increased circulating pro-inflammatory cytokines in
female compared to male. However, this study did not find
direct correlations between increased markers of systemic
inflammation and fiber atrophy, nor indeed between physical
activity levels and fiber atrophy in either sex. This suggests
that any contribution of systemic inflammation or physical
activity to fiber atrophy is moderated by other influences.
Moreover, diffusion abnormalities develop earlier in female than
male that causes muscle atrophy and weakness, and this may
be due to differences in aetiological factors and downstream
signaling pathways that affect the skeletal muscle structure and
function (Sharanya et al., 2019). Regarding aging, increasing
age is not able to maintain organ integrity. Consequently,
less protective against oxidative damage. Recent report have
shown that maintenance of peripheral muscle mass in cigarette
smoking people is compromised with accelerated aging, and
the accelerated aging phenotype is a result of DNA repair
impairment and dysregulation of cellular homeostasis in the
muscle of cigarette smoking people (Lakhdar et al., 2018).
Further, studies have revealed that men and women with
cigarette smoking have structural and functional differences in
the peripheral muscles (Ausín et al., 2017). Taken together, these
studies suggest that females who have smoking history have
greater prevalence of muscle damage and weakness than males,
suggesting that sex and age influence muscle phenotype and
function in smoking people.

CONCLUSION

These results suggest that HRCC smoke induces important
morphological changes in the skeletal muscle by altering the
muscle redox profile, and it may impair muscle function. In
contrast, combined exercise plays an important role in the
remodeling process, but its effect is dependent on the response
of the redox system.
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