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Oxidative stress can be considered a consequence of
imbalance in the formation of reactive oxygen species
(ROS) and antioxidant defense systems, in which mitochon-
dria appear to be the main source of ROS production. A key
concern is that high levels of ROS can modulate molecular
and structural modifications and lead to functional changes
within the muscle. In this regard, ROS causes oxidation of
biomolecules, in which results in loss of their biological
functions and leads to homeostatic imbalance. The main
effects mediated by ROS relate to its potential to cause oxida-
tive damage in cells and tissues [1]. Therefore, a ROS burst
contributes to cellular dysfunction and can cause a wide
range of chronic diseases. Scientific advances have allowed
a better understanding of the role of oxidative stress on mus-
cular homeostasis; thereby, deciphering and understanding
how ROS regulate specific molecules and processes that alter
physiological function could cause development of patholo-
gies. Thus, studying the effects of ROS could assist with the
development of new therapeutic avenues that address a wide
range of muscle disorders.

This special issue encompasses cutting-edge research and
review articles that focus on the role of oxidative stress in
both acute and chronic progressive muscle disorders. This
special issue provides a platform for sharing recent scientific
advancements with researchers and practitioners who work
in both skeletal and cardiac muscle scopes, which include
clinical diagnostics, basic scientists, and physicians interested
in physiology and physiopathology of muscle. Thus, articles
included in this special issue address the molecular and

cellular mechanisms involved in these processes as well as
current therapeutic approaches in human and animals.

Two investigations in this special issue focus on physio-
logical changes induced by acute exercise and subsequent
oxidative stress in male runners who completed a marathon
race in two different thermal conditions—hot and temperate
environments, as well as a rat model of resistance exercise. In
these studies, marathon running performance decreased up
to 10%, while the wet bulb globe temperature increased from
10 to 25°C [2]. The investigation also highlighted that hot
temperature induces pronounced homeostatic alterations,
including a proinflammatory response, limited muscle
oxygenation, and increased oxidative stress [3, 4]. In the study
by H. A. de Oliveira et al., male marathon runners were stud-
ied to determine the effects of environmental temperature
variation on hematological profiles; tissue damage and oxida-
tive stress markers were investigated in men. The perfor-
mance of marathon runners was reduced 13.5% in a hot
environment (31.4°C) compared when they were performing
at a lower temperature (19.8°C). In both environments, mara-
thon racing promotes fluid and electrolyte imbalances, hemo-
lysis, immune activation, tissue damage, and oxidative stress.
Moreover, long-term exercise during heat stress conditions
worsened running performance by causing hematological
changes due to fluid and electrolyte imbalances and purine/
protein oxidation of erythrocytes, which lead to renal damage
and immune activation. On the other hand, the authors have
concluded that reduced performance at hot environment is
not associated with muscle damage and lipid peroxidation.
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Exercise-induced increases in free radical formation are
thought to play a key role in the mechanisms by which skel-
etal muscle adapts to exercise training [5, 6], whereas aerobic
physical exercise appears to be the main trigger of free radical
formation. In addition, resistance exercise can also evoke
increased free radical production in muscle because of the
occurrence of intermittent bouts of hypoxia/reperfusion.
An excessive increase in oxidative stress or a free radical burst
in working muscles can override the physiological benefits of
exercise causing extensive damage to proteins and cellular
dysfunction [7, 8]. This is a key concern during intense
training stages, in which the burst in free radicals can
overcome the existing antioxidant mechanisms. In fact, stud-
ies have reported beneficial effects of antioxidant agents used
to counteract the increase in oxidative stress induced by
exercise. In this special issue, R. A. Oliveira et al. applied
low-intensity laser therapy in rat gastrocnemius muscle prior
to a high-intensity resistance exercise session. The laser
application brought about improvements in lipoperoxidation
levels and the oxidized protein content in muscle. Moreover,
laser therapy appeared to increase activity of antioxidant
enzymes (i.e., superoxide dismutase and glutathione peroxi-
dase) and led to higher total nonenzymatic antioxidant
potential. Thus, photobiomodulation could be a promising
antioxidant approach to counter risks associated with high-
intensity resistance exercises. However, further studies are
needed to better understand the influence of different irradi-
ation dosages and the mechanisms that modulate oxidative
stress linked to exercise.

Further analysis of the role of photobiomodulation was
showed in a review article entitled “Effects of Photobiomodu-
lation Therapy on Oxidative Stress in Muscle Injury Animal
Models: A Systematic Review,” which moves the focus on
from the several models of experimental muscle injury (e.g.,
fatigue, cryoinjury, and traumatic insult). First, S. A. dos
Santos et al. summarized that, despite the limited number
of studies in this research area, photobiomodulation could
be a factual approach to reduce oxidative stress markers
(e.g., thiobarbituric acid reactive) and to increase antioxidant
substances (e.g., superoxide dismutase, catalase, and gluta-
thione peroxidase). Second, the authors’ advocate “whole
mechanisms” by which photobiomodulation could modulate
oxidative stress generated during muscle injury. A possible
mechanism is the improvement of mitochondrial function,
which is associated with reduced free radical formation
linked to superoxide dismutase, catalase, and glutathione
peroxidase. The primary beneficial effect of photobiomodu-
lation in different muscles may be its anti-inflammatory
effects [9, 10]. In this regard, S. A. dos Santos et al. have
considered that oxidative muscular homeostasis linked to
photobiomodulation may be mediated by its anti-
inflammatory action, which mitigates the migration of
inflammatory cells (e.g., neutrophils and macrophages) and
thus the source of ROS.

This special issue also covers the role of oxidative stress
and antioxidants in different disorders using human cells
andmodel organisms. A. J. O’Leary et al. explored the cellular
and functional consequences of sustained hypoxic stress in a
mouse model of acute hypoxia and the effects of N-acetyl

cysteine (NAC) pretreatment. The authors showed that acute
hypoxic stress increases the protein content of HIF-1α in the
diaphragm as well as activated MAPK, mTOR, Akt, and
FoxO3a signaling pathways. Acute hypoxic stress also led to
increases in lipid peroxidation and FoxO3 and MuRF-56 1
gene expression in the diaphragm. The treatment with
NAC at a dose of 200mg/kg completely prevented
hypoxia-induced diaphragm dysfunction in mouse models
studied. NAC substantially enhanced cell survival signaling
pathways which, along with its general antioxidant func-
tions, prevented hypoxia-induced diaphragm oxidative
stress. These findings may have relevance to develop treat-
ment strategies for hypoxaemic respiratory patients and
populations living at high altitudes. NAC treatment was
also evaluated in a study conducted by A. Michelucci
et al., in which RYR1Y522S/WT knock-in mouse, carrying
a human mutation in RYR1 linked to malignant hyperther-
mia (MH) exhibiting cores with a NAC treatment regimen
for either two or six months. They found that two months
of NAC-treatment initiated at two months of age, when
mitochondrial and fiber damage was still minimal, (i)
reduced the formation of unstructured and contracture cores,
(ii) improved muscle function, (iii) and decreased mitochon-
drial damage. The beneficial effects of NAC treatment was
also evident following six months of treatment that was
initiated later, at four months of age when structural dam-
age was advanced. Likely, NAC exerts its protective effects
by lowering oxidative stress, as supported by the reduction
of 3-NT and Mn-superoxide dismutase levels. This work
suggests that NAC-administration is beneficial and
prevents mitochondrial damage and the formation of cores
and improves muscle function in RYR1Y522S/WT mice. S. C.
Khor et al. evaluated the effects of a 24 h treatment with
the antioxidant tocotrienol-rich fraction (TRF), with the
goal of reestablishing the oxidative status of myoblasts
during replicative senescence. The effects of TRF on oxida-
tive status were compared to the effects of other antioxi-
dants (α-tocopherol (ATF) and NAC). Treatment with
TRF was associated with diminished ROS production
and lipid peroxidation in senescent myoblasts. Moreover,
gene expression in senescent myoblasts of Mn-superoxide
dismutase, catalase, and glutathione peroxidase was modu-
lated by TRF. Additional parameters were affected by TRF
including increased activity of superoxide dismutase and
catalase and reduced glutathione peroxidase in senescent
myoblasts. In comparison to ATF and NAC, TRF was
more efficient at increasing antioxidant capacity and
reducing insult caused by free radicals. The authors sug-
gested that TRF can ameliorate antioxidant mechanisms
and improve replicative senescence-associated oxidative
stress in myoblasts.

An imbalance between oxidant and antioxidant systems
has been proposed as a secondary effect in Duchenne
muscular dystrophy (DMD, X-linked genetic disease). In this
regard, the significance and precise extent of the perturbation
in redox signaling cascades are poorly understood. L. Pelosi
et al. tried to fill this gap of knowledge. The authors reported
that mdx dystrophic mice can trigger a compensatory antiox-
idant response at the presymptomatic stage of the disease. On

2 Oxidative Medicine and Cellular Longevity



the other hand, increased circulating levels of IL-6 perturb
the redox signaling cascade, even prior to the development
of necrosis, which is responsible for the severity and
progressive nature of DMD disease. Multiple cellular and
molecular mechanisms have been implicated in the DMD,
which makes the disease complex to study and complicates
the development of beneficial interventions. In this regard,
M. D’Agostino et al. showed that miR-200c overexpression
impaired skeletal muscle differentiation in cultured myo-
blasts and anti-miR-200c treatment ameliorated myogenic
differentiation. Moreover, the authors found that miR-
200c and p66Shc Ser-36 phosphorylation was increased
in mdx muscles. These findings link miR-200c to muscle
wasting in DMD, in which miR-200c overexpression can
be evoked by ROS.

Accumulation of reactive oxygen species (ROS) can be
mitigated by inbuilt mechanisms that help prevent exces-
sive oxidative stress in cardiomyocytes during hypoxia-
reoxygenation. Nitric oxide (NO) can compete successfully
with oxygen when the myocardium experiences hypoxia.
Therefore, NO accumulation can serve in a protective role
by forming NO-Fe2+ complexes when chelating iron is
released from oxygen complexes [11]. The study by V. I.
Kapelko et al. explored the use of a stable NO donor (Oxa-
com®) (DNIC) dinitrosyle iron complex with glutathione to
preserve the integrity of cardiomyocytes and improve func-
tional outcomes in rat hearts after hypoxia-reoxygenation.
This study is the first to report antihypoxic cardioprotective
potential of Oxacom to counter hypoxic insult, including a
reduction in hypoxic contractures, attenuation of cardiac
arrhythmias, and an increase of left ventricular pressures
during reoxygenation. Oxacom pretreatment substantially
reduced ROS accumulation in hypoxia-treated rat cardio-
myocytes. The reduction in ROS is expected to improve
the performance of ion transporters and regulatory proteins,
maintaining their thiol groups in a reduced state and
protected by reversible S-nitrosylation [12, 13]. Oxacom
eliminates slow sarcoplasmic Ca2+ removal as well as
delayed relaxation of cardiomyocytes. These findings dove-
tail well, with the overall view that primary Ca2+ removal
from the sarcoplasm by the energy-dependent ion
transporters/exchangers is slowed down in hypoxia since
high-energy phosphates and oxygen are depleted. Some of
the protective effects of Oxacommay be derived by its impact
on improving mitochondrial function. This will benefit con-
tractile processes overall, which have even greater energy
requirements. Overall, the authors conclude that Oxacom
positively affects energy production and utilization, which
may underlie its ability to prevent hypoxic contractures and
the rapid functional recovery seen during reoxygenation.

Mechanisms to protect against oxidative stress appear to
diverge between the different sexes. A study by A. Michelucci
et al. addresses the unexplained sex differences that underlie
vulnerability for developing malignant hyperthermia (MH),
which is influenced by oxidative status. MH is a lethal disor-
der in humans, triggered by halogenated/volatile anesthetics,
and caused by the release of excessive calcium in skeletal
muscle [14, 15]. Estrogens protect calsequestrin-1 (CASQ1)
knockout mice during lethal hyperthermic episodes, and

the mechanism of protection relies on a reduction of oxida-
tive stress in muscle. When male CASQ1-null mice are
exposed to conditions that resemble human MH (halothane
and heat), they experience a high incidence of mortality
[16]. To explore the role of sex hormones in development
of MH, A. Michelucci et al. treated male and female
CASQ1-null mice with Premarin (conjugated estrogens)
and Leuprolide (GnRH analog), respectively, for one month.
Their findings demonstrate that previously vulnerable
CASQ1-null males were largely protected from MH-
induced mortality by Premarin treatment prior to exposure
to halothane and heat, while CASQ1 females treated with
Leuprolide suffered higher mortality rates after losing the
protective effects of estrogen. To explore functional changes
in these mice due to the hormonal treatments, individual
muscles were exposed to temperature and caffeine. The sar-
coplasmic Ca2+ release was measured in single fibers and
levels of oxidative stress, and expression of the main redox
regulators was measured. In summary, Premarin treatment
in CASQ1-null males reduced muscle temperature and
caffeine sensitivity, normalized the release of Ca2+ from the
sarcoplasmic reticulum (SR), and reduced oxidative stress.
Overall, female mice appear to be protected by female
sex hormones from lethal hyperthermic episodes by reduc-
ing the amount of sarcoplasmic reticulum Ca2+ leak and
oxidative stress.

An epidemiological study by E. Brunelli et al. examined a
healthy population in Italy consisting of woman and man
volunteers to look for early indicators of major cardiovascu-
lar risk factors [17–19]. Blood plasma from individuals was
analyzed for prooxidant and antioxidant molecules. In high
cardiovascular risk categories, a significant depletion in total
plasma antioxidant barrier efficacy was found. As expected,
increasing age correlated with increased oxidative status. In
addition, individuals with metabolic disorders including
diabetes, obesity, and dyslipidemia displayed significant
depletion of the efficacy of total plasma antioxidant barrier.
Known risk factors, such as cholesterol imbalance, appear
to be the main element leading to depletion of total plasma-
antioxidant barrier efficacy. Furthermore, minimal increases
in both total serum cholesterol and total serum cholesterol/
HDL as well as hypertension and slight increases in systolic
blood pressure significantly increase oxidative status. In
summary, this study identifies a primary prevention target
and depletion of the antioxidant barrier, as the earliest detect-
able redox disturbance. This redox perturbation appears to
pinpoint the likelihood that an individual will develop
cardiovascular disease in the future due to overutilization of
antioxidant-directed mechanisms.

We hope that this special issue is successful in providing
new insights into the impact of oxidative stress in muscle on
different physiological and pathological disorders. The
findings presented here can be used to improve knowledge
and understanding of changes induced by exercise on oxida-
tive stress, in which low-intensity laser therapy is able to
modulate excessive oxidative stress after physical effort. We
also feel that this is an opportunity to report findings
concerning the role of N-acetyl cysteine in different in vitro
and in vivo models. Moreover, the editors considered the
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interdisciplinary nature of the papers included as necessary
to expand on concepts fundamental to basic research as well
as those important to applied science. As a result, papers
covering the effects of oxidative stress in Duchenne muscular
dystrophy, cardiomyocyte hypoxia-reoxygenation, malig-
nant hyperthermia, and cardiovascular risk were included.
Therefore, the readers of this special issue should find
information of interest, relevant to their respective area
of scientific investigations.
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Oxygen deficit (hypoxia) is a major feature of cardiorespiratory diseases characterized by diaphragm dysfunction, yet the putative
role of hypoxic stress as a driver of diaphragm dysfunction is understudied. We explored the cellular and functional consequences
of sustained hypoxic stress in a mouse model. Adult male mice were exposed to 8 hours of normoxia, or hypoxia (FiO2 = 0.10) with
or without antioxidant pretreatment (N-acetyl cysteine, 200mg/kg i.p.). Ventilation and metabolism were measured. Diaphragm
muscle contractile function, myofibre size and distribution, gene expression, protein signalling cascades, and oxidative stress
(TBARS) were determined. Hypoxia caused pronounced diaphragm muscle weakness, unrelated to increased respiratory muscle
work. Hypoxia increased diaphragm HIF-1α protein content and activated MAPK, mTOR, Akt, and FoxO3a signalling
pathways, largely favouring protein synthesis. Hypoxia increased diaphragm lipid peroxidation, indicative of oxidative stress.
FoxO3 and MuRF-1 gene expression were increased. Diaphragm 20S proteasome activity and muscle fibre size and distribution
were unaffected by acute hypoxia. Pretreatment with N-acetyl cysteine substantially enhanced cell survival signalling, prevented
hypoxia-induced diaphragm oxidative stress, and prevented hypoxia-induced diaphragm dysfunction. Hypoxia is a potent driver
of diaphragm weakness, causing myofibre dysfunction without attendant atrophy. N-acetyl cysteine protects the hypoxic
diaphragm and may have application as a potential adjunctive therapy.

1. Introduction

The diaphragm is the principal muscle of inspiration, an inte-
gral part of the thoracic “pump”musculature, responsible for
effective lung ventilation. Diaphragm muscle weakness can
present in respiratory disease, and it is a strong predictor of
poor outcome in clinical patients, particularly those requir-
ing mechanical ventilation [1]. Hypoxia (oxygen deficit)
commonly presents as a feature in many acute respiratory
conditions including acute respiratory distress syndrome,
ventilator-induced lung injury, ventilator-associated lung
injury, and acute lung injury, conditions where diaphragm
muscle weakness is typically observed [2–6]. Interventions
serving to prevent or suppress diaphragm muscle weakness
in hypoxaemic respiratory patients could have substantially

beneficial effects for patient outcome. Whereas this is an area
of intense research, it appears that the potentially deleterious
role of hypoxic stress in the development and manifestation
of diaphragm muscle weakness has been overshadowed by
other factors such as mechanical unloading (inactivity),
injury, infection, and sepsis, despite the potential for signifi-
cant cellular redox modulation during oxygen deficit, and
the well-recognized dominant role of oxidative stress as a
contributory factor in respiratory and skeletal muscle wast-
ing in critically ill patients [7–12].

It is established that exposure to chronic sustained
hypoxia results in respiratory myofibre atrophy and mus-
cle weakness associated with a time-dependent progressive
oxidative stress [13–16]. We recently demonstrated that
acute sustained hypoxia (8 hours of exposure) is sufficient
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to weaken mouse diaphragm peak force-generating capacity
by ~30% [17, 18]. Our finding provides a basis for the
hypothesis that acute hypoxia-induced diaphragm dysfunc-
tion could be an underrecognized and yet major factor con-
tributing to diaphragm weakness in the critical care setting
[18], and perhaps during exposure to environmental hypoxia
at high altitude [19–21].

It is recognized that antioxidants have considerable ther-
apeutic efficacy in the treatment of respiratory-related disor-
ders featuring redox imbalance and overt oxidative stress,
such as acute lung injury, sepsis, chronic obstructive pulmo-
nary disease, chronic bronchitis, lung fibrosis, and cystic
fibrosis [22–30]. N-acetyl cysteine (NAC) is a free radical
scavenger, which boosts the synthesis of the endogenous
antioxidant glutathione as well as other antioxidant systems.
Chronic NAC supplementation has been shown to prevent
diaphragm muscle weakness in animal models of chronic
sustained hypoxia [16] and chronic intermittent hypoxia
[31, 32]. Of interest, acute respiratory distress syndrome
patients are in a prooxidant state, which can be improved
by NAC supplementation, by increasing glutathione, thiol
molecules, and antioxidant defences [33]. The muscles of
breathing, like other striated muscles, are highly dependent
on redox balance for optimal function [15, 16, 34, 35]. We
reasoned that acute hypoxic stress is detrimental to muscle
function. If so, antioxidant intervention may alleviate acute
hypoxia-induced diaphragm dysfunction, a finding which if
it translates to humans could prove useful in the treatment
of hypoxaemic respiratory patients in the clinic.

Therefore, we sought to further explore the cellular
mechanisms underpinning acute hypoxia-induced dia-
phragm weakness and establish if pretreatment with NAC
at the outset of acute hypoxic exposure prevents or amelio-
rates diaphragm muscle weakness. The aims of our study
were to (1) confirm the deleterious effects of acute sustained
hypoxia on mouse diaphragm force-frequency relationship;
(2) determine the whole body integrative ventilatory and
metabolic strategies adopted by mice during acute hypoxic
exposure; (3) examine protein signalling pathways in dia-
phragm muscle, putatively affected by acute hypoxic stress;
(4) examine gene expression changes in the diaphragm asso-
ciated with atrophy and autophagy processes; (5) determine
if 20S proteasome activity is increased by acute hypoxic stress
in the diaphragm; (6) determine if diaphragm myofibre size
and distribution are affected by acute hypoxia; (7) determine
if acute hypoxia causes diaphragm oxidative stress; and (8)
explore the efficacy of NAC pretreatment in ameliorating
diaphragm functional responses to acute sustained hypoxia.

2. Methods

2.1. Ethical Approval. All protocols involving animals
described in this study were performed under licence from
the Irish Government in accordance with the National and
EU legislation following institutional animal research ethics
committee approval.

2.2. Animal Model. Models of acute hypoxia were gener-
ated using adult male C57BL6/J mice (Envigo, UK). Mice

(~14 weeks of age) were placed in environmental plethys-
mography chambers (Buxco Ltd., USA), at room tempera-
ture, in which ambient oxygen levels were measured and
adjusted to desired levels (gas analyzer, ML206, AD Instru-
ments, UK). Mice were exposed to one, four, or eight hours
of hypoxia (fraction of inspired oxygen, FiO2= 0.10) or
normoxia (FiO2= 0.21) (n = 8 per group). An additional
group of mice (n = 8) were each given a single injection
of N-acetyl cysteine (NAC; 200mg/kg; i.p.) immediately
prior to 8 hours of hypoxia exposure.

2.3. Whole Body Plethysmography. Breathing parameters,
including respiratory frequency (fR), tidal volume (VT), and
minute ventilation (VE) were measured on a breath-by-
breath basis. O2 consumption (VO2) and CO2 production
(VCO2) were monitored over the course of the gas exposure,
serving as an index of whole body metabolism. Gas concen-
trations entering and leaving the plethysmography chambers
were sampled using a gas analyzer (ML206, AD Instru-
ments). The respiratory exchange ratio (VCO2/VO2) and
the ventilatory equivalent for carbon dioxide (VE/VCO2)
were determined offline. Following 8 hours of gas exposure,
animals were euthanized using a rising concentration of
CO2 until narcosis, followed immediately by cervical disloca-
tion to confirm euthanasia. Core body temperature was deter-
mined immediately postmortem, via insertion of a probe
(TH-8 Thermalert, Physitemp Instruments, Inc., USA); body
mass was recorded. Diaphragm muscles were quickly excised
and either immediately used for functional analysis or imme-
diately snap frozen in liquid nitrogen and stored at −80°C
until further processing for molecular analysis.

2.4. Muscle Physiology: Experimental Setup. Experiments
were performed on diaphragm muscle preparations derived
from the 3 groups of mice: normoxia, hypoxia, and hyp-
oxia +NAC. Once excised, diaphragm muscles were placed
in a holding bath containing continuously gassed (95% O2/
5% CO2) Krebs solution at room temperature. A longitudinal
strip of diaphragm muscle with rib and central tendon intact
was prepared and mounted vertically in a tissue holder by
attaching the rib to a fixed hook and connecting the tendon
to a force transducer (Aurora Scientific, USA) for the assess-
ment of isometric contractile parameters. The preparation
was housed in a tissue bath of Krebs solution at 35°C, gassed
with 95% O2/5% CO2.

2.5. Muscle Physiology: Experimental Protocol.Muscle prepa-
rations were set to optimal length by adjusting the length of
the tissue bundle between repeated twitch contractions until
peak twitch force was determined. The relationship between
stimulation frequency and tetanic force generation (force-
frequency relationship) was assessed by stimulating the mus-
cle strip at increasing stimulation frequencies from 10Hz to
160Hz and recording the force generated at each frequency.
Forces recorded at each frequency were then normalized to
the estimated cross-sectional area of the muscle tissue bun-
dle, and data were expressed as specific force in N/cm2.

2.6. Gene Expression: RNA Extraction and Preparation. Total
RNA was extracted from 20–70mg of frozen diaphragm
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tissue homogenized using a general laboratory homogenizer
(Omni-Inc., USA) in the presence of Tripure Isolation
Reagent (Roche Diagnostics Ltd., UK). The manufacturer’s
instructions were followed with the addition of a chloroform
wash step during phase separation. Next, RNA was treated
with TURBO DNA-free Kit (Life Technologies, Bio-Sciences,
Ireland) in accordance with the manufacturer’s instructions.
The quantity and purity of RNA were assessed using a Nano-
drop 1000 (Thermo Scientific, USA) and spectrophotometry.
The integrity of RNA was assessed by visualization of clear
18S and 28S ribosomal RNA bands using an agarose gel
electrophoresis system (E-gel, Life Technologies).

2.7. Gene Expression: Reverse Transcription. Diaphragm
muscle RNA was reverse transcribed using Transcriptor First
Strand cDNA Synthesis Kit (Roche Diagnostics Ltd.) in
accordance with the manufacturer’s instructions.

2.8. Gene Expression: qRT-PCR. cDNA was amplified using
Realtime ready Catalog or Custom Assays (Roche Diagnos-
tics Ltd.) and Fast Start Essential DNA Probe Master (Roche
Diagnostics Ltd.) in 20μl reactions (5μl cDNA and 15μl
master mix) using the LightCycler 96 (Roche Diagnostics
Ltd.) on 96-well plates, in accordance with the manufac-
turer’s instructions. All reactions were performed in dupli-
cate and reverse transcriptase negatives, RNA negatives,
and cDNA negatives (no template), and plate calibrator con-
trols were used on every plate. Diaphragm gene expression
was normalized to a reference gene, hprt1, to compensate
for variations in input amounts of RNA/cDNA and the effi-
ciency of reverse transcription. In preliminary studies, several
candidate reference genes were screened, and in consider-
ation of temporal and gas (hypoxia) exposures, hprt1 was
found to be most stable. The relative expression of genes
was calculated using the ΔΔCT method, that is, normalized
expression of the gene of interest to that of the reference gene,
with changes in expression displayed as a fold change relative
to the control group.

2.9. Cell Signalling: Protein Extraction and Quantification.
Frozen muscle samples were removed from storage at
−80°C, weighed and homogenized on ice in ice-cold 2.5%
w/vmodified radioimmunoprecipitation assay (RIPA) buffer
(1X RIPA, deionized H2O, 200mM sodium fluoride, 100mM
phenylmethylsulfonylfluoride (PMSF), 1X protease inhibitor
cocktail, and 2X phosphatase inhibitor cocktail) using a gen-
eral laboratory homogenizer (Omni-Inc., USA). Following
20-minute lyse time on ice, with vortexing every 4 minutes,
samples were centrifuged in a U-320R centrifuge (Boeckel
& Co, Germany) at 14,000 RPM at 4°C for 20 minutes to sep-
arate insoluble cellular fractions from the protein homoge-
nates. The protein containing supernatant was separated
from the insoluble pellet in each sample, and these were
stored at −80°C. The pellets were discarded.

The protein concentration of each sample was deter-
mined using a bicinchoninic acid (BCA) protein quantifica-
tion assay (Pierce Biotechnology, (Fisher Scientific), Ireland)
as per the manufacturer’s instructions, at a dilution of 1 : 3.

2.10. Cell Signalling: Hypertrophy, Atrophy and HIF
Signalling, and Protein/Phosphoprotein Content Assays. Cell
signalling assays were performed using an Akt signalling
panel–phospho-Akt, phospho-p70S6K, phospho-S6RP, and
phospho-GSK-3β; Phospho-/Total mTOR; Phospho-
FOXO3a; a MAP Kinase phosphoprotein panel–phospho-
p-38, phospho-ERK1/2, and phospho-JNK; and total
HIF-1α (MesoDiscovery, USA).

The assays measure the protein or phosphorylated pro-
tein content of signalling proteins listed above. The sandwich
immunoassays were either in multiplex format (Mesoscale
Discovery, USA) allowing the measurement of up to 4
proteins/phosphoproteins in one well, or singleplex assay
which allowed measurement of the content of one protein/
phosphoprotein per well. The assay was carried out in accor-
dance with the manufacturer’s instructions. Briefly, samples
were loaded onto the 96-well plate and incubated to allow
the proteins of interest to be captured by their specific
capture antibodies. Each well was then washed and incu-
bated in a detection antibody solution. The detection anti-
bodies, specific for each protein of interest, are conjugated
with an electrochemiluminescent compound, or tag. The
detection antibodies bind to the captured proteins of interest,
which are bound to their specific capture antibodies, on the
distinct spots on the bottom surface of the well. This com-
pletes the antibody-protein-antibody sandwich. The well
was then washed again, and read buffer was added, creating
the correct chemical environment for electrochemilumines-
cence. The plate was loaded into the MSD SECTOR Imager
(a specialized spectrophotometer from Mesoscale) where a
voltage is rapidly applied to the distinct working electrodes
on the plate spots resulting in the tags conjugated to the anti-
bodies attached to those electrodes emitting light, which is
read by the imager at 620nm. The intensity of this emitted
light from each spot, separated both temporally and spatially,
provides a quantitativemeasurement for each protein of inter-
est in the sample. This assay was performed on diaphragm
samples from control, hypoxia, and hypoxia +NAC groups.
A series of dilutions with muscle sample was also assayed
as a control to demonstrate increased luminescence with
increased protein content added to the well for each assay.

2.11. Thiobarbituric Acid Reactive Substances (TBARS) Assay.
TBARS are degradation products of fats which are routinely
used as a marker of lipid peroxidation, an indirect measure-
ment of oxidative stress. Malondialdehyde (MDA) of a
known concentration was used to generate a standard curve.
Next, 50μl of thiobarbituric acid (TBA, 50mM) was added to
50μl of diaphragm muscle homogenate (as described above
in section 2.9), and the solution was incubated for 60 mins
at 97°C. Samples were subsequently cooled on ice, and 75μl
of methanol : 1mM NaOH (91 : 9) was added to the solution.
Samples were then centrifuged at 704g, and 70μl of the resul-
tant supernatant was added per well in a black 96-well plate.
The plate was read in a SpectraMax-M3 spectrophotometer
(Molecular Devices, USA) using 523/553 excitation/emission
settings, and data were compared with standards. Data are
expressed as nM TBARS per mg of protein in the sample,
determined by BCA assay.
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2.12. Proteasome Activity Assay. Chymotrypsin-like 20S
proteasome activity was measured via fluorescence in a spec-
trophotometric assay as per the manufacturer’s instructions
(Abcam, UK) using a Spectramax M3 spectrophotometer
(Molecular Devices, USA). The assay employs a peptide sub-
strate tagged to AMC. In the presence of proteasome activity,
the AMC tag is released and fluoresced. The kit includes a
positive control in the form of Jurkat cell lysate with high
proteasome activity and a specific proteasome inhibitor
MG-132, which suppresses all proteolytic activity attributed
to proteasomes, thus allowing the differentiation of protea-
some activity from other protease activity in the sample. This
assay was performed on diaphragm samples from normoxia,
hypoxia, and hypoxia +NAC groups on a white 96-well plate;
all samples and positive controls were assayed with and with-
out the proteasome inhibitor. The samples, positive controls,
and standards were added to the 96-well plate. Inhibitor was
added to assigned wells (an equal volume of assay buffer was
added to the uninhibited wells), and proteasome substrate
was added to all wells except the standards. The plate was
then incubated at 37°C in the spectrophotometer (protected
from light) for one hour while fluorometric readings were
made kinetically over that time at Ex/Em=350/440 nm.
There was a slight nonlinearity to the reaction kinetics at
the beginning due to the lag time it takes for the reaction to
mix and warm to 37°C. Readings were made from the linear
range of the reaction. Nonproteasome activity was then
subtracted from total activity to give proteasome activity.
One unit of proteasome activity is defined as the amount
of proteasome which generates 1 nmol of AMC per minute
at 37°C.

2.13. Muscle Immunohistochemistry. Sections of hemidiaph-
ragm from control (n = 6) and hypoxia (n = 6) mice were
mounted on cubes of liver to facilitate subsequent tissue
sectioning. Samples were coated in optimum cutting temper-
ature (OCT; VWR International, Dublin, Ireland) embed-
ding medium and then quickly frozen in isopentane (Sigma
Aldrich, Wicklow, Ireland) cooled in liquid nitrogen. Tissue
samples were subsequently stored at −80°C for structural
analysis at a later time. Serial transverse muscle sections
(10μm) were generated using a cryostat (Leica CM3050;
Leica Microsystems, Nussloch, Germany) at −22°C and
mounted on polylysine-coated glass slides (VWR Interna-
tional, Dublin, Ireland). Slides were immersed for 15 minutes
in phosphate-buffered saline (PBS, 0.01M) containing 1%
bovine serum albumin (BSA). After PBS washes (3× 5 min-
ute), slides were next immersed for 30 minutes in PBS
containing 5% normal goat serum (Sigma Aldrich, Wicklow,
Ireland). Slides then underwent PBS washes (3× 5 minute)
prior to the application of the primary antibody (rabbit
anti-laminin, 1 : 200; Sigma Aldrich, Wicklow, Ireland),
diluted in PBS and 1% BSA. Slides were then incubated over-
night at 4°C in a humidity chamber. The following day, slides
were washed with PBS (3× 5 minutes) before application of
the secondary antibody (FITC-conjugated goat anti-rabbit;
1.250, Sigma Aldrich, Wicklow, Ireland), which was diluted
in PBS and 1% BSA. Slides were incubated for 1 hour at room
temperature in the dark.

Using an Olympus BX51 microscope and an Olympus
DP71 camera, muscle sections were viewed at ×10 magni-
fication and images were captured for analysis. For each
animal, several images from separate muscle sections were
captured for analysis. We employed a square test frame of
600× 600μm, with inclusion and exclusion boundaries,
which was placed randomly over each image [32]. To deter-
mine the size of diaphragm muscle fibres, the individual fibre
perimeters were manually highlighted using Image J software
allowing the determination of fibre cross-sectional area and
minimal Feret’s diameter. The coefficient of variation of these
parameters was also computed. Data generated from
multiple sections were first averaged for each animal before
computing group means. Relative frequency histograms were
constructed to illustrate the distribution of muscle fibre size
in sections from control and hypoxia mice.

2.14. Data and Statistical Analysis. GraphPad Prism (Graph-
Pad Software Inc., USA) was used to perform statistical anal-
ysis. Following tests for normality and equal variance in the
data sets, the Student t-tests were performed for comparisons
between two groups: normoxia and hypoxia. For multiple
groups, one-way or two-way ANOVA (with Tukey’s and
Bonferroni post hoc tests, resp.) were used as appropriate.
Statistical significance was taken at the level of p < 0 05.

3. Results

3.1. Diaphragm Force. The mouse diaphragm force-
frequency relationship following exposure to 8 hours of nor-
moxia, hypoxia, and hypoxia +NAC is displayed in Figure 1.
Specific force-generating capacity of the diaphragm muscle
increased as a function of stimulation frequency (10–160Hz;
frequency: p < 0 0001, two-way ANOVA). Specific force gen-
eration over the range of stimulation frequencies tested was
significantly lower in the hypoxia group compared with the
normoxia group (gas: p = 0 0112); this weakness was most
prominent at higher stimulation frequencies. A single i.p.
injection of NAC prior to hypoxic exposure completely
prevented hypoxia-induced diaphragm muscle weakness
(p < 0 0001 versus hypoxia). Indeed, the hypoxia +NAC
group developed the highest forces, exceeding control values
over the range of stimulation frequencies (Figure 1).

3.2. Metabolism and Breathing. CO2 production over 8 hours
of exposure to normoxia (control) and hypoxia is shown in
Figure 2(a). CO2 production was significantly lower in the
hypoxia group compared with the normoxia group (two-
way ANOVA; gas: p < 0 0001) over the duration of the gas
exposures, revealing a hypometabolic response to sustained
hypoxia in mice.

Postmortem body temperature following gas treatments
in all 3 groups is shown in Figure 2(b). Compared with mice
in the normoxia group, body temperatures were lower in
mice exposed to hypoxia (p < 0 0001, unpaired t test) and
hypoxia +NAC (p = 0 0105, unpaired t test with Welch’s
correction). There was no difference in body temperature
between hypoxia and hypoxia +NAC groups.
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Figure 3(a) shows mouse respiratory VE, a product
of fR and VT, throughout the duration of normoxia (control)
and hypoxia. VE was increased (two-way ANOVA; gas:

p < 0 001) after 10 mins of hypoxia compared with nor-
moxia, but returned to levels equivalent to normoxia by
20 mins and remained at levels similar to normoxia for
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Interaction p = ns

⁎⁎
⁎⁎

⁎

Control (n = 6)
Hypoxia (n = 7)
NAC + hypoxia (n = 8)

16040 60 80 100 120 140200
Frequency (Hz)

Diaphragm-frequency relationship

0

10

20

30

40

50

Sp
ec

i�
c f

or
ce

(N
/c

m
2 )

Figure 1: Mouse diaphragmmuscle force-frequency relationship following 8 hours of exposure to normoxia (control), hypoxia, or hypoxia +
NAC. Diaphragm-specific force (mean± SEM) expressed as force per unit cross-sectional area of muscle (N/cm2) as a function of stimulation
frequencies ranging between 10 and 160Hz; n= 6–8 per group. Data were compared statistically by two-way (gas treatment× stimulation
frequency) ANOVA; ∗p < 0 05 and ∗∗p < 0 01. Bonferroni’s post hoc multiple comparisons test hypoxia +NAC versus hypoxia.
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Figure 2: (a) Carbon dioxide production over 8 hours of breathing in mice exposed to normoxia (control) or hypoxia. Carbon dioxide
production (mean± SEM) in mice expressed as ml per minute per gram body mass (ml/min/g) over the 480-minute (8 hour) period of
exposure to either normoxia (FiO2 = 0.21, n = 6) or hypoxia (FiO2 = 0.10, n = 7); two-way (time× gas treatment) ANOVA and Bonferroni’s
multiple comparisons test. ∗∗∗p < 0 001 and ∗∗p < 0 01 compared with corresponding normoxic values. (b) Postmortem body
temperatures in mice following 8 hours of exposure to normoxia (control), hypoxia, or hypoxia +NAC. Postmortem body temperatures
(mean± SEM) of mice exposed to 8 hours of normoxia (FiO2 = 0.21, n = 6), hypoxia (FiO2 = 0.10, n = 7), or hypoxia +NAC (200mg/kg i.p.
at FiO2 = 0.10, n = 4). ∗∗∗∗p < 0 0001, unpaired t test compared with control; ∗p = 0 0105, unpaired t test with Welch’s correction
compared with control.
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the remainder of the 8-hour exposure to hypoxia. Thus,
beyond the initial transient hypoxic ventilatory response,
ventilation was largely unchanged during hypoxic exposure
in mice.

The ventilatory equivalent for carbon dioxide (VE/VCO2)
over 8 hours of exposure to normoxia (control) and hypoxia
is shown in Figure 3(b).VE/VCO2 was significantly increased
in the hypoxic group upon gas exposure compared
with the control group, and it remained elevated over the
course of the 8 hours of gas exposure (two-way ANOVA;
gas: p < 0 0001), indicative of the development of a

hypoxia-induced hyperventilation (arising due to hypometa-
bolism with maintained ventilation).

Figure 3(c) shows the respiratory exchange ratio
(VCO2/VO2) over 8 hours of exposure to normoxia (control)
and hypoxia. There was no significant effect of exposure to
hypoxia on VCO2/VO2 over the course of the 8 hours of
gas exposure compared with control.

3.3. HIF-1α: Gene Expression and Protein Content. There was
no significant difference in HIF-1α mRNA expression
between groups (data not shown). Figure 4 shows HIF-1α
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Figure 3: Minute ventilation (VE), ventilatory equivalent for carbon dioxide (VE/VCO2), and respiratory exchange ratio (RER; VCO2/VO2)
during 8 hours of exposure to normoxia (control) or hypoxia. (a) Minute ventilation (mean± SEM) expressed as ml per min per gram body
mass (ml/min/g) over the 480-minute (8 hour) period of exposure to either normoxia (FiO2 = 0.21, n = 6) or hypoxia (FiO2 = 0.10, n = 7);
two-way ANOVA (time× gas treatment) and Bonferroni’s multiple comparisons test, ∗∗∗p < 0 001 compared with corresponding normoxic
value. (b) Ventilatory equivalent ratio (mean± SEM) in mice over the 480-minute (8 hour) period of exposure to either normoxia
(FiO2 = 0.21, n = 6) or hypoxia (FiO2 = 0.10, n = 7); two-way ANOVA (time× gas treatment) and Bonferroni’s multiple comparisons test,
∗∗∗p < 0 001 and ∗∗p < 0 01 compared with corresponding normoxic value. (c) Respiratory exchange ratio (mean± SEM) in mice over the
480-minute (8 hour) period of exposure to either normoxia (FiO2 = 0.21, n = 6) or hypoxia (FiO2 = 0.10, n = 7); two-way ANOVA
(time× gas treatment).
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protein content in diaphragmmuscle frommice exposed to 8
hours of normoxia, hypoxia, or hypoxia +NAC. Hypoxia sig-
nificantly increased HIF-1α protein content compared with
the control group (p = 0 0019; unpaired t test). HIF-1α pro-
tein content was further increased in hypoxia +NAC com-
pared with normoxia (p < 0 0001) and was also significantly
higher in hypoxia +NAC compared with the hypoxia group
(p = 0 0332).

3.4. Cell Signalling: Akt Pathway. Phospho-Akt protein
content in diaphragm muscle from mice exposed to 8
hours of normoxia, hypoxia, or hypoxia +NAC is shown
in Figure 5(a). Exposure to hypoxia significantly increased
phospho-Akt protein content compared with the control
group (p = 0 0109; unpaired t test). Phospho-Akt protein
content was further increased in hypoxia +NAC compared
with normoxia (p = 0 0001) and was also significantly
higher in hypoxia +NAC compared with the hypoxia
group (p = 0 0004).

Figure 5(b) shows phospho-p70S6K protein content
in diaphragm muscle from mice exposed to 8 hours of
normoxia, hypoxia, or hypoxia +NAC. Exposure to hypoxia
had no significant effect on phospho-p70S6K protein con-
tent compared with normoxia. However, hypoxia +NAC
increased phospho-p70S6K protein content compared
with the control group (p = 0 0019) and also increased
phospho-p70S6K protein content above the level of the
hypoxia group (p = 0 0616).

Figure 5(c) shows phospho-S6RP protein content in dia-
phragm muscle from mice exposed to 8 hours of normoxia,
hypoxia, or hypoxia +NAC. Exposure to hypoxia signifi-
cantly increased phospho-S6RP protein content compared
with the control group (p = 0 0434). Hypoxia +NAC also
increased phospho-S6RP protein content compared with

the control group (p = 0 0099), but there was no difference
between the hypoxia and hypoxia +NAC groups.

Figure 5(d) shows phospho-GSK-3β protein content in
diaphragm muscle from mice exposed to 8 hours of
normoxia, hypoxia, or hypoxia +NAC. Exposure to hypoxia
significantly increased phospho-GSK-3β protein content
compared with the control group (p = 0 0009). Hypoxia +
NAC increased phospho-GSK-3β protein content further
still compared with the control group (p = 0 0006), but
there was no difference between the hypoxia and hyp-
oxia +NAC groups.

3.5. Cell Signalling: mTOR Pathway. Figure 6(a) shows
mTOR protein content in diaphragm muscle from mice
exposed to 8 hours of normoxia, hypoxia, or hypoxia +
NAC. Exposure to hypoxia significantly increased mTOR
protein content compared with the control group (p =
0 0107). Hypoxia +NAC, however, did not increase mTOR
protein content compared with the control group, and
mTOR protein content was significantly lower in the
hypoxia +NAC group compared with the hypoxia group
(p = 0 0020).

Figure 6(b) shows phospho-mTOR protein content in
diaphragm muscle from mice exposed to 8 hours of nor-
moxia, hypoxia, or hypoxia +NAC. Exposure to hypoxia
significantly increased phospho-mTOR protein content
compared with the normoxia group (p = 0 0123). Phospho-
mTOR protein content was further increased in the hyp-
oxia +NAC group compared with the control group (p =
0 0001) and was also significantly higher than the hypoxia
group (p = 0 0067).

3.6. Cell Signalling: FoxO3a Pathway. Figure 6(c) shows
phospho-FoxO3a protein content in diaphragm muscle
from mice exposed to 8 hours of normoxia, hypoxia, or
hypoxia +NAC. Exposure to hypoxia significantly increased
phospho-FoxO3a protein content compared with the nor-
moxia group (p = 0 0002). Phospho-FoxO3a protein content
was further increased in the hypoxia +NAC group compared
with the control group (p < 0 0001) and was also significantly
higher than the hypoxia group (p = 0 0024).

3.7. Cell Signalling: JNK, p38, and ERK1/2 Pathways. Phos-
pho-JNK protein content in diaphragm muscle from mice
exposed to 8 hours of normoxia, hypoxia, or hypoxia +
NAC is shown in Figure 7(a). Exposure to hypoxia signifi-
cantly increased phospho-JNK protein content compared
with the normoxia group (p = 0 0120). Phospho-JNK protein
content was further increased in the hypoxia +NAC group
compared with the control group (p = 0 0058) and was also
significantly higher than the hypoxia group (p = 0 0108).

Figure 7(b) shows phospho-p38 protein content in dia-
phragm muscle from mice exposed to 8 hours of normoxia,
hypoxia, or hypoxia +NAC. Exposure to hypoxia increased
phospho-p38 protein content compared with the normoxia
group (p = 0 0515). Phospho-p38 protein content was fur-
ther increased in the hypoxia +NAC group compared with
the control group (p = 0 0030) and was also significantly
higher than the hypoxia group (p = 0 0092).
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Figure 4: Mouse diaphragm HIF-1α protein content following
8 hours of exposure to normoxia (control), hypoxia, or hypoxia
+NAC. Diaphragm HIF-1α protein content (mean± SEM)
expressed as signal/μg of total protein (corrected for background
signal) following exposure to either normoxia (control;
FiO2 = 0.21, n = 6), hypoxia (FiO2 = 0.10, n = 7), or hypoxia +NAC
(200mg/kg i.p. at FiO2 = 0.10);

∗p = 0 0332, ∗∗p = 0 0019, and
∗∗∗∗p < 0 0001; unpaired t tests.
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Phospho-ERK1/2 protein content in diaphragm mus-
cle from mice exposed to 8 hours of normoxia, hypoxia,
or hypoxia +NAC is shown in Figure 7(c). Hypoxia sig-
nificantly increased phospho-ERK1/2 protein content
compared with the normoxia group (p = 0 0406). Phospho-
ERK1/2 protein content was increased further in the
hypoxia +NAC group compared with the control group
(p = 0 0020) and was also significantly higher than the
hypoxia group (p = 0 0046).

3.8. Atrophy and Autophagy Gene Expression. Figure 8 shows
expression data in diaphragm muscle for genes related to
atrophy and autophagy. There were no significant changes
in FoxO-1, Atrogin-1, LC3B, BNIP3, or GABARAPL3
mRNA expression between groups (one-way ANOVA and
Tukey’s post hoc test). FoxO-1, Atrogin-1, and BNIP3

displayed nonsignificant trends toward increased expression
levels following increasing durations of hypoxic exposure
(1, 4, and 8 hours). Both FoxO-3 andMuRF-1mRNA expres-
sion was significantly increased following 8 hours of hypoxic
exposure compared with control (p < 0 05, one-way ANOVA
and Tukey’s post hoc test) (Figures 8(b) and 8(d), resp.).

3.9. Oxidative Stress: TBARS Concentration. Data for dia-
phragm TBARS concentration (a marker of lipid peroxida-
tion) in normoxia, hypoxia, and hypoxia +NAC groups are
shown in Figure 9. TBARS concentration was significantly
increased following exposure to hypoxia compared with
normoxia (p = 0 0076). TBARS concentration was signifi-
cantly lower in NAC+hypoxia compared with hypoxia (p
< 0 0001) and also significantly lower compared with the
normoxia group (p = 0 0030).
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Figure 5: Mouse diaphragm phospho-Akt (S473), phospho-p70S6K (T389), phospho-S6RP (S235/236), and phospho-GSK-3β protein
contents following 8 hours of exposure to normoxia (control), hypoxia, or hypoxia +NAC. (a) Diaphragm phospho-Akt (S473)
protein content (mean± SEM) expressed as signal/μg of total protein (corrected for background signal); n = 8 per group. ∗p = 0 0109,
∗∗∗∗p = 0 0001, and ∗∗∗p = 0 0004; unpaired t tests. (b) Diaphragm phospho-p70S6K (T389) protein content (mean± SEM) expressed as
signal/μg of total protein (corrected for background signal); n = 8 per group. ∗∗p = 0 0019; unpaired t test. (c) Diaphragm phospho-S6RP
(S235/236) protein content (mean± SEM) expressed as signal/μg of total protein (corrected for background signal); n = 8 per group.
∗p = 0 0434 and ∗∗p = 0 0099; unpaired t tests. (d) Diaphragm phospho-GSK-3β protein content (mean± SEM) expressed as signal/μg
of total protein (corrected for background signal); n = 8 per group. ∗∗∗∗p = 0 0006 and ∗∗∗p = 0 0009; unpaired t tests.
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3.10. Chymotrypsin-Like Proteasome Activity. Figure 10
shows diaphragm muscle chymotrypsin-like proteasome
activity in normoxia and hypoxia groups. There was no sig-
nificant difference in chymotrypsin-like proteasome activity
between the two groups.

3.11. Diaphragm Muscle Fibre Size and Distribution. Repre-
sentative immunofluorescence images of diaphragm muscles
from mice exposed to normoxia and hypoxia are shown in
Figures 11(a) and 11(b). There was no significant difference
in the mean minimal Feret’s diameter (Figure 11(c)) or mean
cross-sectional area of fibres (Figure 11(d)) between the two
groups. The coefficient of variation of these indices was also
equivalent in control and hypoxia muscles (Figures 11(e)
and 11(f)). There was no shift in the relative frequency distri-
bution of fibres in hypoxia compared with normoxia
(Figures 11(f) and 11(g)).

4. Discussion

The main findings of this study are the following: (1) Acute
hypoxic stress over several hours causes diaphragm muscle
weakness; (2) Diaphragm dysfunction is unrelated to
enhanced respiratory muscle work during hypoxic exposure,
since ventilation is unchanged in mice exposed to sustained
hypoxia; (3) Acute hypoxic stress stabilized diaphragm
HIF-1α protein and activated MAPK, mTOR, Akt, and
FoxO3a signalling pathways, favouring protein synthesis;
(4) Autophagy gene expression was unaffected by acute hyp-
oxia, but FoxO3 and MuRF-1 atrogene expression was pro-
gressively increased during hypoxic exposure without effect
on diaphragm 20S proteasome activity; (5) Acute hypoxia
increased diaphragm TBARS concentration indicative of oxi-
dative stress; (6) Acute hypoxia did not affect diaphragm
myofibre size or distribution; (7) NAC pretreatment strongly
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Figure 6: Mouse diaphragm mTOR, phospho-mTOR, phospho-ERK1/2, and phospho-FOXO3a protein contents following 8 hours of
exposure to normoxia (control), hypoxia, or hypoxia +NAC. (a) Diaphragm mTOR protein content (mean± SEM) expressed as signal/μg
of total protein (corrected for background signal); n = 7 − 8 per group. ∗p = 0 0107 and ∗∗p = 0 0020; unpaired t tests. (b) Diaphragm
phospho-mTOR protein content (mean± SEM) expressed as signal/μg of total protein (corrected for background signal); n = 7 − 8 per
group. ∗p = 0 0123, ∗∗p = 0 0067, and ∗∗∗p = 0 0001; unpaired t tests. (c) Diaphragm phospho-FOXO3a protein content (mean± SEM)
expressed as signal/μg of total protein (corrected for background signal); n = 7 − 8 per group. ∗∗p = 0 0024, ∗∗∗p = 0 0002, and
∗∗∗∗p < 0 0001; unpaired t tests.
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potentiated many of the endogenous cell survival signalling
responses to acute hypoxic stress and reversed diaphragm
oxidative stress; (8) Antioxidant pretreatment with NAC
prevented acute hypoxia-induced diaphragm dysfunction.

4.1. Muscle Function. This study confirms our previous
report [17], revealing that acute sustained hypoxia causes
pronounced diaphragm muscle weakness. Our experimental
approach was to study diaphragm performance ex vivo under
standardized conditions. In this way, we determined that
weakness is intrinsic to diaphragm muscle fibres, as we con-
trolled the stimulation frequency. The approach allowed us
to reestablish optimal oxygen and acid-base conditions for
the study of muscle performance. Therefore, diaphragm
function was assessed at normal pH, whereas the persistent
hyperventilation associated with hypoxia exposure results
in a respiratory alkalosis and elevated blood pH, which are
likely to cause further perturbation to respiratory muscle
function in vivo. Our data reveal that the force-generating
capacity of diaphragm from hypoxic animals is intrinsically

weak, especially at high stimulation frequencies, which corre-
spond to activation of the muscle during airway protective
behaviours [36]. Decreased peak force-generating capacity
is linked to poor prognosis in respiratory patients [1]. Oxy-
gen was provided abundantly in the ex vivo preparation
allowing comparison of normoxia and hypoxia groups under
similar conditions. We concede that whereas the hypoxia
group was revealed as having decreased force-generating
capacity compared with the normoxia group, we did not
extend the study to determine how the hypoxia group would
have compared with the normoxia group under conditions of
bath hypoxia. For example, exposure to chronic sustained
hypoxia has been shown to improve tolerance to a subse-
quent severe hypoxic stimulus [37] revealing that hypoxic
adaptation in respiratory muscle can result in some protec-
tive outcomes relevant to the prevailing stimulus of oxygen
deficit. Our data highlight the potential for acute hypoxic
stress to adversely affect diaphragm performance, which has
relevance to respiratory patients, particularly in the critical
care setting [1], and may have implications for individuals

Phospho-JNK

0

50

100

150
⁎⁎

⁎

⁎⁎⁎

Si
gn

al
/�휇

g 
pr

ot
ei

n

Hypoxia Hypoxia + NACControl

(a)

⁎⁎

⁎⁎⁎

p = 0.0515

Hypoxia Hypoxia + NACControl
0

10

20

30

40

50

Si
gn

al
/�휇

g 
pr

ot
ei

n

Phospho-p38

(b)

⁎⁎

⁎

⁎⁎⁎

0

5

10

15

20

Si
gn

al
/ �휇

g 
pr

ot
ei

n

Hypoxia Hypoxia + NACControl

Phospho-ERK1/2

(c)

Figure 7: Mouse diaphragm phospho-JNK and phospho-p38 protein contents following 8 hours of exposure to normoxia (control), hypoxia,
or hypoxia +NAC. (a) Diaphragm phospho-JNK protein content (mean± SEM) expressed as signal/μg of total protein (corrected for
background signal); n = 8 per group. ∗p = 0 0120, ∗∗p = 0 0108, and ∗∗∗p = 0 0058; unpaired t tests. (b) Diaphragm phospho-p38 protein
content (mean± SEM) expressed as signal/μg of total protein (corrected for background signal); n= 6–8 per group. ∗∗p = 0 0092 and
∗∗∗p = 0 0030; unpaired t tests. (c) Diaphragm phospho-ERK1/2 protein content (mean± SEM) expressed as signal/μg of total protein
(corrected for background signal); n= 5–8 per group. ∗p = 0 0406, ∗∗∗p = 0 0020, and ∗∗p = 0 0046; unpaired t tests.
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Figure 8: Mouse diaphragm muscle atrophy and autophagy gene expression following exposure to normoxia (control) or 1, 4, or 8 hours of
hypoxia. Fold changes in mRNA expression (relative to the control (normoxia) group) for (a) FoxO-1; (b) FoxO-3; (c) Atrogin-1; (d)MuRF-1;
(e) LC3B; (f) BNIP3; and (g) GABARAPL3; mean± SEM, n= 7–8 per group. ∗p < 0 05 versus control, one-way ANOVA and Tukey’s post hoc
test following 8 hours of exposure to normoxia and 1, 4, and 8 hours of exposure to hypoxia.
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at high altitude [19, 20]. We acknowledge that further assess-
ments of diaphragm function in vivo are required, where
respiratory muscle performance can be considered in the
context of an integrative multisystem response to hypoxia
(e.g., blood flow and neural drive), to lend further credence
to our hypothesis that hypoxia is a driver of respiratory mus-
cle dysfunction.

Antioxidant pretreatment with NAC prior to hypoxic
exposure completely rescued the diaphragm from acute
hypoxia-induced diaphragm weakness. Indeed, notwith-
standing hypoxic exposure, NAC supplementation enhanced
muscle force-generating capacity above control levels. The

finding is reminiscent of a study showing that NAC treat-
ment immediately after the initiation of 6 hours of mechani-
cal ventilation completely prevented the development of
mechanical ventilation-induced diaphragmatic weakness
[8]. Of interest, in the latter study, NAC did not suppress
autophagy, rather it augmented autophagosome formation
suggesting that NAC exerts its beneficial effects on
ventilator-induced diaphragm dysfunction via stimulation
of autophagy (excess ROS can inhibit autophagy), which
appears to be a beneficial adaptive response in the diaphragm
to the physiological stress of mechanical ventilation, rather
than representing a contributing factor to the development
of diaphragm dysfunction [8]. NAC has also been shown to
protect the diaphragm from the damaging effects of
controlled mechanical ventilation including diaphragmatic
oxidative stress and proteolysis, as well as controlled
mechanical ventilation-induced contractile dysfunction
[38]. We have previously reported beneficial effects of NAC
in ameliorating diaphragm protein carbonylation, which
presents progressively in response to exposure to chronic
sustained hypoxia [16]. Indeed, protein carbonylation under-
pins the loss of skeletal muscle mass in a number of chronic
conditions [39] suggesting that NAC and other antioxidants
could have widespread utility as adjunctive therapies in skel-
etal muscle disease. Of interest, NAC also proved efficacious
in preventing diaphragm muscle weakness and fatigue in a
rat model of chronic intermittent hypoxia modelling sleep
apnoea [32].

4.2. Metabolism. Acute hypoxic stress decreased metabo-
lism in mice, as evident from the rapid and sustained
reduction in CO2 production during hypoxia, as well as
the reduction in postmortem body temperature following
hypoxia. Interestingly, body temperature was reduced to
an equivalent level in the hypoxia +NAC group revealing
that the beneficial effect of NAC on hypoxic diaphragm
performance is unlikely related to an influence on the
hypoxic hypometabolic/hypothermic state and associated
alkalosis caused by the reduction in CO2 production con-
comitant with maintained ventilation, that is, hypoxic hyper-
ventilation. It is therefore conceivable to consider that the
beneficial effects of NAC relate instead to direct antioxidant
and/or signalling effects in muscle.

It is also noteworthy that minute ventilation was rela-
tively unchanged over the 8 hours of hypoxic exposure in
comparison with control animals. This reveals that dia-
phragm activity is not increased due to a hypoxia-induced
increase in ventilatory drive (common to other mammals),
and so increased muscle activity during hypoxic stress is
not a contributory factor to the development of hypoxia-
induced diaphragm weakness, although it may be a further
aggravating factor during acute hypoxic stress in humans.
Our study in mice reveals the potential for diaphragmmuscle
weakness related to direct hypoxic (redox) stress of muscle
fibres [16]. The hypometabolic response causes a relative
hyperventilation evident from the hypoxia-induced increase
in the ventilatory equivalent for carbon dioxide. The ensuing
alkalosis (which is achieved in humans during exposure to
hypoxia by way of enhanced ventilation with no change in
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Figure 9: Mouse diaphragm muscle thiobarbituric acid reactive
substances (TBARS) concentration following 8 hours of exposure
to normoxia (control), hypoxia, or hypoxia +NAC. TBARS
concentration in diaphragm muscle (mean± SEM) expressed as
nM TBARS per mg of protein following exposure to either
normoxia (FiO2 = 0.21), hypoxia (FiO2 = 0.10), or hypoxia +NAC
(200mg/kg i.p. at FiO2 = 0.10); n = 8 per group. ∗∗p < 0 01 and
∗∗∗p < 0 0001; unpaired t test with Welch’s correction.
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Figure 10: Mouse diaphragm muscle chymotrypsin-like
proteasome activity following 8 hours of exposure to normoxia
(control) or hypoxia. Chymotrypsin-like proteasome activity in
diaphragm muscle (mean± SEM) expressed as a rate of AMC tag
release from peptide substrate (pmol/min/mg of protein) following
exposure to either normoxia (control; FiO2 = 0.21) or hypoxia
(FiO2 = 0.10); n = 8 per group. There was no significant difference
between the two groups (unpaired t test).
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Figure 11: Mouse diaphragm muscle fibre size and distribution following exposure to 8 hours of normoxia (control) or hypoxia. (a)
Representative images of mouse diaphragm muscle immunofluorescently labelled for laminin to highlight individual fibres from animals
exposed to 8 hours of normoxia (control, FiO2 = 0.21) and hypoxia (FiO2 = 0.10). (b) Group data for mean minimal Feret’s diameter. (c)
Group data for mean muscle fibre cross-sectional area. (d) Group data for coefficient of variation of diaphragm muscle fibre size measured
by minimal Feret’s diameter. (e) Group data for coefficient of variation of diaphragm muscle fibre size measured by cross-sectional area.
Data in (b–e) expressed as mean± SEM; there were no significant differences between groups (n = 6 per group; unpaired Student’s t-tests).
(f) and (g) Relative frequency distribution of diaphragm muscle fibres measured by minimal Feret’s diameter (f) and cross-sectional area (g).

13Oxidative Medicine and Cellular Longevity



metabolism) may be a factor of relevance for diaphragm per-
formance in vivo. Of interest, the respiratory exchange ratio
was unchanged during exposure to hypoxia suggesting that
there was not a hypoxia-induced switch in metabolic sub-
strate preference away from lipids.

4.3. Hypoxia Signalling. HIF-1α protein content was
increased in the diaphragm following 8 hours of hypoxia.
This is not altogether surprising given that HIF-1α protein
accumulation is indirectly proportional to cytosolic oxygena-
tion, although muscle-specific and temporal responses have
been reported in respiratory muscles in response to chronic
sustained hypoxia [15, 16]. Reactive oxygen species can
induce HIF-1α expression, but this effect can be dependent
on exposure time, and reactive oxygen species can exert the
opposite effect over prolonged periods, thus creating some
uncertainty regarding how swings in cellular redox balance
affect HIF-1α expression [40–43]. One might have expected
that NAC, as an antioxidant, would influence hypoxia-
induced increase in HIF-1α protein content. However, HIF-
1α is responsive to redox balance within the intracellular
environment and reducing conditions can stabilize HIF-1α.
Moreover, NAC-induced increases in cellular glutathione
can elevate HIF-1α expression [44–47]. In our study, pre-
treatment with NAC prior to hypoxic exposure enhanced
HIF-1α protein content in diaphragm muscle compared with
hypoxia alone. In view of the protective effect of NAC on dia-
phragm force-generating capacity, this suggests that HIF-1α
stabilization was a component of the adaptive response of

muscle to hypoxic challenge. Indeed, it has been reported
that HIF-1α contributes to the neuroprotective effect of
NAC in an ischaemic stroke model of transient cerebral
ischaemia in rats [47].

4.4. Hypertrophy/Atrophy Signalling. We examined the
protein and/or phosphoprotein content of various proteins
associated with signalling pathways involved in the balance
between cell survival and death and protein balance
(hypertrophy/atrophy) in diaphragm muscle (summarized
in Figure 12).

4.5. Prohypertrophy/Cell Survival Signalling

4.5.1. Akt Pathway. Akt, particularly the Akt/mTOR path-
way, is central to the control of the hypertrophic/atrophic
balance in muscle, acting in a phosphorylation-dependent
manner as a key regulator of downstream effectors involved
in modulating cell growth and survival. Activated (phosphor-
ylated) Akt is predominantly prohypertrophic, via inhibition
of atrophic signals and promotion of hypertrophic signals. In
our study, phosphorylated (active) Akt (phospho-Akt) pro-
tein content was increased following acute hypoxia exposure
and enhanced further still by NAC supplementation. It has
been previously demonstrated that under certain conditions
hypoxia can activate Akt and it is suggested that hypoxia-
induced Akt activation may play a role in protection against
apoptosis [48–51]. Similarly, in our model, it would appear
that acute hypoxia-induced Akt activation is a beneficial
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Figure 12: Schematic depicting the various cell survival signalling pathways explored in this study. Green arrows indicate activation, and red
lines indicate inhibition in diaphragm muscle following exposure to acute hypoxic stress.
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compensatory mechanism supporting the functional integ-
rity of the diaphragm muscle. NAC pretreatment enhanced
the endogenous induction of Akt signalling, potentially
bolstering the cellular defences against acute hypoxic stress.
This may be (part of) the mechanism by which NAC rescues
diaphragm force in acute hypoxia. It is also worth noting that
Akt/mTOR signalling can regulate HIF-1α and may play a
role in hypoxia-induced HIF-1α expression [52–54]. Akt
also exerts prohypertrophic effects via inhibition of atrophic
signalling (Figure 12).

Phospho-p70S6K, which is downstream of Akt, was
slightly elevated by acute hypoxia in the diaphragm. Its
protein content was, however, significantly elevated in the
hypoxic diaphragm by NAC supplementation. p70S6k acti-
vation by Akt is mediated via the indirect activation of
mTOR by Akt. p70S6K, when activated, promotes transla-
tion/protein synthesis and cell survival in muscle [55–57].
The fact that the induction of elevated phospho-p70S6K is
greater in hypoxia +NAC compared with hypoxia alone is
likely due to the greater elevation of phospho-Akt, phos-
pho-mTOR, and phospho-ERK1/2 in hypoxia +NAC, which
all activate phospho-p70S6K [58]. Again, this is indicative of
prohypertrophy signalling induced by NAC supplementa-
tion, a mechanism which appears beneficial in the mainte-
nance of diaphragm muscle performance. Indeed, decreased
phospho-p70S6K expression occurs in the diaphragm of
mechanically ventilated rats prior to decreased protein syn-
thesis [59].

Phospho-S6RP content, which is a downstream of
both Akt/mTOR and p70S6K, was significantly increased
in the diaphragm both by hypoxia and hypoxia +NAC.
The phosphorylation of S6RP by phospho-p70S6K, driven
by Akt/mTOR, drives translation/protein synthesis and
growth (Figure 12).

Hypoxia can activate Akt leading to GSK-3 phosphoryla-
tion [49]. Phosphorylation negatively regulates GSK-3β,
inhibiting it, resulting in the activation of protein synthesis
and a cessation of antianabolic signalling from GSK-3β. In
our study, phospho-GSK-3β protein content was increased
significantly by hypoxia and increased further still by hyp-
oxia +NAC. Again, these data suggest a drive toward a pro-
hypertrophic/proprotein synthesis state in acute hypoxia
that is further augmented by NAC pretreatment.

4.5.2. mTOR Pathway.mTOR is a protein kinase functioning
in the regulation of growth, survival, and protein synthesis in
skeletal muscle. Both mTOR and phospho-mTOR were mea-
sured in our study. mTORmediates its hypertrophic/cell sur-
vival signalling effects via its phosphorylated/activated state.
Acute hypoxia significantly increased mTOR protein con-
tent. Whereas hypoxia and hypoxia +NAC both increased
phospho-mTOR protein content, expression was greatest in
the hypoxia +NAC group. It appears that hypoxia alone, in
the absence of NAC, induces an increase in mTOR protein
expression, or indeed a reduction in mTOR degradation,
while phosphorylation of mTOR is induced by hypoxia,
and to a greater extent by hypoxia concomitant with NAC
supplementation. Phospho-p70S6K and phospho-s6RP, dis-
cussed above, are also both downstream of, and activated

by, mTOR, and so the increase in phospho-mTOR observed
in our study likely contributes to the increases in phospho-
p70S6K and phospho-s6RP reported above.

4.5.3. MAPK Pathway. ERK1/2 is a member of the
MAPK family which positively regulates p70S6K, negatively
regulates GSK-3β, and itself positively regulates cellular pro-
liferation, survival, and development. Through these mecha-
nisms, it is procell survival/hypertrophy. Here, acute hypoxia
increased diaphragm phospho-ERK1/2 protein content, and
NAC pretreatment further augmented phospho-ERK1/2
protein content. This, combined with changes in Akt signal-
ling described above, is further suggestive that NAC pretreat-
ment bolsters the endogenous cellular signalling mechanisms
acting to promote protein synthesis and cell survival in the
acutely hypoxic diaphragm.

4.5.4. FoxO3a Pathway. The FoxO pathway is generally asso-
ciated with atrophy and protein degradation in its dephos-
phorylated state. However, when phosphorylated, FoxO3a
is inhibited from translocation into the nucleus and exerting
its atrophic effects. One mechanism by which Akt exerts a
hypertrophic effect is by the phosphorylation and thus inhi-
bition of FoxO3a, preventing the atrophic action of the atro-
genes MuRF-1 and Atrogin-1, which would otherwise be
transcriptionally upregulated by FoxO3a. Our study revealed
that acute hypoxia increases phospho-FoxO3a protein
content in the diaphragm and NAC pretreatment further
augmented phosphoprotein content, thus enhancing the
prohypertrophic/antiatrophic signalling cascades described
above, via the downregulation of FoxO3a-induced proteaso-
mal and autophagy-mediated protein degradation. The acute
hypoxia-induced increase in phosphoprotein content is likely
mediated via the increase in phospho-Akt.

4.6. Proatrophy/Cell Death Signalling

4.6.1. MAPK Pathway. While there appears to be a predom-
inant drive toward protein synthesis in the acutely hypoxic
diaphragm, augmented further by NAC pretreatment, there
is also an increase in atrophic signalling via the MAPK path-
way. JNK promotes autophagy, apoptosis, inflammation, and
cell death and is activated by phosphorylation [60]. We
observed that acute hypoxia elevated diaphragm levels of
phospho-JNK protein, an effect which is further augmented
by NAC supplementation. This is somewhat surprising given
that Akt, which is also activated, negatively regulates the JNK
pathway via a cross-talk mechanism [61]. JNK phosphoryla-
tion in our model is therefore likely induced by some other
mechanism/stress affecting theMAPK pathway. p38 can pro-
mote inflammation and apoptosis, while also negatively reg-
ulating GSK-3β to promote survival [62]. In our study, acute
hypoxia increased diaphragm phospho-p38 expression to
near significant levels in the diaphragm, while NAC concom-
itant with acute hypoxia significantly augmented this
response. This suggests a proatrophic effect of hypoxia
+NAC in the diaphragm. We acknowledge that our assess-
ment of apoptotic pathways is incomplete.

We observed no change in autophagy gene expression.
We do not have information on autophagy signalling at the
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protein level, but this is an area worthy of further pursuit. We
observed no change in the expression of several atrogenes,
but there was an increase in the mRNA expression of FoxO3
andMuRF-1 in the diaphragm after 8 hours of hypoxia expo-
sure. Despite this apparent increase in atrophy signalling,
there was no downstream change in diaphragm proteasome
enzymatic activity, suggesting that protein catabolism did
not occur, at least not within 8 hours of hypoxic stress, which
suggested that diaphragm muscle weakness in hypoxia is not
likely related to muscle fibre atrophy, a phenomenon that has
been observed in respiratory muscles following chronic sus-
tained hypoxic exposure [13, 14]. Immunohistochemical
analysis of diaphragm muscle fibre size and distribution
revealed that acute sustained hypoxia did not cause myofibre
atrophy or a shift in the size distribution of fibres. Therefore,
we conclude that myofibre contractile dysfunction underpins
diaphragm weakness following acute hypoxia, a phenome-
non that has been reported, in addition to fibre atrophy, in
diaphragm in response to chronic sustained hypoxia [63].

We employed a TBARS assay as a measure of muscle
lipid peroxidation. We acknowledge the limitation of this
measurement as an index of oxidative stress. Malondialde-
hyde is generated only by certain lipid peroxidation products,
and it is not generated exclusively by lipid peroxidation.
Exposure to acute hypoxia resulted in a modest but signifi-
cant increase in diaphragm malondialdehyde, which we
interpret as indicative of oxidative stress, but this needs to
be confirmed in future studies. Although the source of reac-
tive oxygen species was not determined in our study, the
inhibitory effects of reactive oxygen species on striated
muscle force-generating capacity are well described [64–66].
Pretreatment with NAC completely reversed the hypoxia-
induced increase in diaphragm lipid peroxidation, decreas-
ing TBARS levels to below control values. This reveals the
antioxidant capacity of NAC and suggests that some of its
inotropic action in diaphragm muscle exposed to hypoxia
most likely related to suppression of hypoxia-induced oxida-
tive stress. We acknowledge that the effects of NAC pretreat-
ment were not determined in all experiments.

5. Conclusions

Figure 12 provides an overview of the effects of acute hypoxia
on diaphragm protein signaling pathways pivotal to protein
turnover and cell survival. Our study determined that acute
hypoxic stress of just several hours is sufficient to cause dia-
phragm weakness, which may have clinical relevance.
Hypoxia-induced diaphragm dysfunction is prevented by
NAC pretreatment, via a mechanism independent of hypoxic
hypometabolism in mice. We previously demonstrated that
exposure to acute hypoxia increases UCP-3 mRNA expres-
sion in the mouse diaphragm suggesting an increased reli-
ance on fatty acid metabolism [17, 18]. However, in the
present study, we determined that the respiratory exchange
ratio is unaffected by acute hypoxia, suggesting that there is
no switch in metabolic energy source; the ratio of 0.7 reveals
that fatty acids are the primary substrate for oxidative metab-
olism and energy production in normoxic mice, and this is
unaltered by hypoxic exposure. This differs from the

pronounced metabolic remodelling that occurs in respiratory
muscles exposed to chronic sustained hypoxia [15, 16]. The
hypoxia-induced increase in UCP-3 [17] may therefore be a
compensatory mechanism to reduce ROS production and
oxidative stress. Nevertheless, acute hypoxia results in dia-
phragm muscle oxidative stress, which is likely implicated
in the elaboration of diaphragm weakness. Hypoxia did not
cause any persistent change in ventilation (diaphragm mus-
cle activity), and therefore muscle weakness and molecular
changes are likely directly related to hypoxic stress per se
and unrelated to altered mechanical work in hypoxia, though
this may be a factor in other mammals such as humans. NAC
pretreatment potentiates endogenous cell survival signalling
and prevents hypoxia-induced diaphragm oxidative stress.
The drive to increase both hypertrophy and atrophy signal-
ling may be required to increase protein turnover and amino
acid-dependent ATP generation, but notably diaphragm
myofibre size and distribution are unaffected. NAC appears
to boost endogenous cell survival signalling cascades potenti-
ating defence responses, perhaps in this way preserving dia-
phragm function in the face of redox stress, in addition to
established antioxidant actions. Our findings highlight the
potentially critical role of hypoxic stress as a contributor to
diaphragm myofibre dysfunction in respiratory patients.
Our results may also have relevance to respiratory muscle
performance at high altitude. On the basis of our findings
in an animal model, we conclude that NAC may be a benefi-
cial adjunctive therapy in patients, alleviating hypoxia-
induced diaphragm dysfunction, potentially improving
patient outcome.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Andrew J. O’Leary and Ken D. O’Halloran conceived and
designed the study. Andrew J. O’Leary performed all experi-
ments and data analysis, except for the TBARS assay, which
was performed and analyzed by Sarah E. Drummond, and
immunohistochemistry, which was performed and analyzed
by Deirdre Edge. All authors approved the final version of
the manuscript.

Acknowledgments

Ken D. O’Halloran received a Strategic Research Award from
University College Cork. Andrew J. O’Leary was supported
by the Department of Physiology, University College Cork.
The authors are grateful to the staffs of the Biological Services
Unit, UCC, for the support with animal care and welfare. The
authors are grateful to Dr. Greg Jasionek, Department of
Physiology, UCC, for technical support.

References

[1] G. S. Supinski and L. A. Callahan, “Diaphragm weakness in
mechanically ventilated critically ill patients,” Critical Care,
vol. 17, no. 3, article R120, 2013.

16 Oxidative Medicine and Cellular Longevity



[2] M. B. Hudson, A. J. Smuder, W. B. Nelson, C. S. Bruells,
S. Levine, and S. K. Powers, “Both high level pressure support
ventilation and controlled mechanical ventilation induce dia-
phragm dysfunction and atrophy,” Critical Care Medicine,
vol. 40, no. 4, pp. 1254–1260, 2012.

[3] A. N. Kavazis, E. E. Talbert, A. J. Smuder, M. B. Hudson, W. B.
Nelson, and S. K. Powers, “Mechanical ventilation induces dia-
phragmatic mitochondrial dysfunction and increased oxidant
production,” Free Radical Biology & Medicine, vol. 46, no. 6,
pp. 842–850, 2009.

[4] J. Doorduin, J. Leentjens, M. Kox et al., “Effects of experimen-
tal human endotoxemia on diaphragm function,” Shock,
vol. 44, no. 4, pp. 316–322, 2015.

[5] G. S. Supinski, A. P. Alimov, L. Wang, X. H. Song, and L. A.
Callahan, “Calcium-dependent phospholipase A2 modulates
infection-induced diaphragm dysfunction,” American Journal
of Physiology Lung Cell Molecular Physiology, vol. 310,
no. 10, pp. L975–L984, 2016.

[6] A. H. Jonkman, D. Jansen, and L. M. Heunks, “Novel insights
in ICU-acquired respiratory muscle dysfunction: implications
for clinical care,” Critical Care, vol. 21, no. 1, p. 64, 2017.

[7] A. V. Namuduri, G. Heras, J. Mi et al., “A proteomic approach
to identify alterations in the SUMO network during controlled
mechanical ventilation in rat diaphragmmuscle,”Molecular &
Cell Proteomics, vol. 16, no. 6, pp. 1081–1097, 2017.

[8] I. Azuelos, B. Jung, M. Picard et al., “Relationship between
autophagy and ventilator-induced diaphragmatic dysfunc-
tion,” Anesthesiology, vol. 122, no. 6, pp. 1349–1361, 2015.

[9] S. K. Powers, M. B. Hudson, W. B. Nelson et al., “Mito-
chondria-targeted antioxidants protect against mechanical
ventilation-induced diaphragm weakness,” Critical Care Med-
icine, vol. 39, no. 7, pp. 1749–1759, 20111759, 2011.

[10] J. Wu and S. T. Li, “Dexmedetomidine may produce extra pro-
tective effects on sepsis-induced diaphragm injury,” Chinese
Medical Journal, vol. 128, no. 10, pp. 1407–1411, 2015.

[11] G. S. Supinski and L. A. Callahan, “Free radical-mediated
skeletal muscle dysfunction in inflammatory conditions,”
Journal of Applied Physiology, vol. 102, no. 5, pp. 2056–2063,
2007.

[12] S. K. Powers, M. P. Wiggs, K. J. Sollanek, and A. J. Smuder,
“Ventilator-induced diaphragm dysfunction: cause and effect,”
American Journal of Physiology-Regulatory Integrative and
Comparative Physiology, vol. 305, no. 5, pp. R464–R477, 2013.

[13] C. McMorrow, A. Fredsted, J. Carberry et al., “Chronic
hypoxia increases rat diaphragm muscle endurance and
sodium-potassium ATPase pump content,” European Respira-
tory Journal, vol. 37, no. 6, pp. 1474–1481, 2011.

[14] J. L. Gamboa and F. H. Andrade, “Muscle endurance and
mitochondrial function after chronic normobaric hypoxia:
contrast of respiratory and limb muscles,” Pflügers Archiv -
European Journal of Physiology, vol. 463, no. 2, pp. 327–338,
2012.

[15] P. Lewis, D. Sheehan, R. Soares, A. Varela Coelho, and
K. D. O’Halloran, “Chronic sustained hypoxia-induced redox
remodeling causes contractile dysfunction in mouse sterno-
hyoid muscle,” Frontiers in Physiology, vol. 6, p. 122, 2015.

[16] P. Lewis, D. Sheehan, R. Soares, A. V. Coelho, and K. D.
O’Halloran, “Redox remodeling is pivotal in murine dia-
phragm muscle adaptation to chronic sustained hypoxia,”
American Journal of Respiratory Cell and Molecular Biology,
vol. 55, no. 1, pp. 12–23, 2016.

[17] A. J. O’Leary and K. D. O’Halloran, “Diaphragmmuscle weak-
ness and increased UCP-3 gene expression following acute
hypoxic stress in the mouse,” Respiratory Physiology & Neuro-
biology, vol. 226, pp. 76–80, 2016.

[18] A. J. O’Leary, Acute Hypoxia-Induced Diaphragm Dysfunction
Is Prevented by Antioxidant Pre-Treatment, [Ph.D. thesis],
University College Cork, Ireland, 2017, https://cora.ucc.ie/
bitstream/handle/10468/3895/O'LearyAJ_PhD2017.pdf.

[19] R. Pellegrino, G. Deboeck, J. J. Moraine, and R. Naeije, “Respi-
ratory muscle strength may explain hypoxia-induced decrease
in vital capacity,” Medicine & Science in Sports & Exercise,
vol. 26, pp. 754–758, 2005.

[20] S. Sharma and B. Brown, “Spirometry and respiratory muscle
function during ascent to higher altitudes,” Lung, vol. 185,
no. 2, pp. 113–121, 2007.

[21] P. Lewis and K. D. O'Halloran, “Diaphragm muscle adapta-
tion to sustained hypoxia: lessons from animal models with
relevance to high altitude and chronic respiratory diseases,”
Frontiers in Physiology, vol. 7, p. 623, 2016.

[22] R. Campos, M. H. M. Shimizu, R. A. Volpini et al., “N-acet-
ylcysteine prevents pulmonary edema and acute kidney
injury in rats with sepsis submitted to mechanical ventilation,”
American Journal of Physiology Lung Cellular and Molecular
Physiology, vol. 302, no. 7, pp. L640–L650, 2012.

[23] M. Cazzola, L. Calzetta, C. Page et al., “Influence of N-
acetylcysteine on chronic bronchitis or COPD exacerbations:
a meta-analysis,” European Respiratory Review, vol. 24,
no. 137, pp. 451–461, 2015.

[24] C. Conrad, J. Lymp, V. Thompson et al., “Long-term treatment
with oral N-acetylcysteine: affects lung function but not spu-
tum inflammation in cystic fibrosis subjects. A phase II ran-
domized placebo-controlled trial,” Journal of Cystic Fibrosis,
vol. 14, no. 2, pp. 219–227, 2015.

[25] B. J. Day, “Antioxidants as potential therapeutics for lung
fibrosis,” Antioxidant & Redox Signaling, vol. 10, no. 2,
pp. 355–370, 2008.

[26] M. Skov, T. Pressler, J. Lykkesfeldt et al., “The effect of short-
term, high-dose oral N-acetylcysteine treatment on oxidative
stress markers in cystic fibrosis patients with chronic P. aeru-
ginosa infection - a pilot study,” Journal of Cystic Fibrosis,
vol. 14, no. 2, pp. 211–218, 2015.

[27] P.M. Suter, G. Domenighetti, M.-D. Schaller, M.-C. Laverrière,
R. Ritz, and C. Perret, “N-acetylcysteine enhances recovery
from acute lung injury in man,” Chest Journal, vol. 105,
no. 1, pp. 190–194, 1994.

[28] V. M. Víctor, J. V. Espulgues, A. Hernández-Mijares, and
M. Rocha, “Oxidative stress and mitochondrial dysfunction
in sepsis: a potential therapy with mitochondria-targeted anti-
oxidants,” Infectious Disorders Drug Targets, vol. 9, no. 4,
pp. 376–389, 2009.

[29] S. Levine, M. H. Bashir, T. L. Clanton, S. K. Powers, and
S. Singhal, “COPD elicits remodeling of the diaphragm and
vastus lateralis muscles in humans,” Journal of Applied Physi-
ology, vol. 114, no. 9, pp. 1235–1245, 2013.

[30] M. Klimathianaki, K. Vaporidi, and D. Georgopoulos,
“Respiratory muscle dysfunction in COPD: from muscles
to cell,” Current Drug Targets, vol. 12, no. 4, pp. 478–488,
2011.

[31] M. Dunleavy, A. Bradford, and K. D. O’Halloran, “Oxida-
tive stress impairs upper airway muscle endurance in an
animal model of sleep-disordered breathing,” Advances in

17Oxidative Medicine and Cellular Longevity

https://cora.ucc.ie/bitstream/handle/10468/3895/O&apos;LearyAJ_PhD2017.pdf
https://cora.ucc.ie/bitstream/handle/10468/3895/O&apos;LearyAJ_PhD2017.pdf


Experimental Medicine and Biology, vol. 605, pp. 458–462,
2008.

[32] C. M. Shortt, A. Fredsted, H. B. Chow et al., “Reactive oxygen
species mediated diaphragm fatigue in a rat model of chronic
intermittent hypoxia,” Experimental Physiology, vol. 99,
no. 4, pp. 688–700, 2014.

[33] M. S. Soltan-Sharifi, M. Mojtahedzadeh, A. Najafi et al.,
“Improvement by N-acetylcysteine of acute respiratory dis-
tress syndrome through increasing intracellular glutathione,
and extracellular thiol molecules and anti-oxidant power: evi-
dence for underlying toxicological mechanisms,” Human &
Experimental Toxicology, vol. 26, no. 9, pp. 697–703, 2007.

[34] J. Magalhães, A. Ascensão, J. M. C. Soares et al., “Acute and
severe hypobaric hypoxia increases oxidative stress and
impairs mitochondrial function in mouse skeletal muscle,”
Journal of Applied Physiology, vol. 99, no. 4, pp. 1247–1253,
2005.

[35] M. A. Smith and M. B. Reid, “Redox modulation of contractile
function in respiratory and limb skeletal muscle,” Respiratory
Physiology & Neurobiology, vol. 151, no. 2-3, pp. 229–241,
2006.

[36] Y. B. Seven, C. B. Mantilla, and G. C. Sieck, “Recruitment of rat
diaphragm motor units across motor behaviors with different
levels of diaphragm activation,” Journal of Applied Physiology,
vol. 117, no. 11, pp. 1308–1316, 2014.

[37] P. Lewis, C. McMorrow, A. Bradford, and K. D. O’Halloran,
“Improved tolerance of acute severe hypoxic stress in chronic
hypoxic diaphragm is nitric oxide-dependent,” The Journal
of Physiological Sciences, vol. 65, no. 5, pp. 427–433, 2015.

[38] A. Agten, K. Maes, A. Smuder, S. K. Powers, M. Decramer,
and G. Gayan-Ramirez, “N-acetylcysteine protects the rat dia-
phragm from the decreased contractility associated with
controlled mechanical ventilation,” Critical Care Medicine,
vol. 39, no. 4, pp. 777–782, 2011.

[39] E. Barreiro, “Role of protein carbonylation in skeletal muscle
mass loss associated with chronic conditions,” Proteomes,
vol. 4, no. 2, p. 18, 2016.

[40] S. Bonello, C. Zähringer, R. S. BelAiba et al., “Reactive oxygen
species activate the HIF-1α promoter via a functional NFκB
site,” Arteriosclerosis Thrombosis, and Vascular Biology,
vol. 27, no. 4, pp. 755–761, 2007.

[41] S. W. Jusman, A. Halim, S. I. Wanandi, and M. Sadikin,
“Expression of hypoxia-inducible factor-1α (HIF-1α) related
to oxidative stress in liver of rat-induced by systemic chronic
normobaric hypoxia,” Acta Medica Indonesia, vol. 42,
pp. 17–23, 2010.

[42] H. Niecknig, S. Tug, B. D. Reyes, M. Kirsch, J. Fandrey,
and U. Berchner-Pfannschmidt, “Role of reactive oxygen
species in the regulation of HIF-1 by prolyl hydroxylase 2
under mild hypoxia,” Free Radical Research, vol. 46, no. 6,
pp. 705–717, 2012.

[43] M. Schieber and N. S. Chandel, “ROS function in redox signal-
ing and oxidative stress,” Current Biology, vol. 24, no. 10,
pp. R453–R462, 2014.

[44] W. S. Jin, Z. L. Kong, Z. F. Shen, Y. Z. Jin, W. K. Zhang, and
G. F. Chen, “Regulation of hypoxia inducible factor-1α expres-
sion by the alteration of redox status in HepG2 cells,” Journal
of Experimental & Clinical Cancer Research, vol. 30, no. 1,
p. 61, 2011.

[45] M. Nikinmaa, S. Pursiheimo, and A. J. Soitamo, “Redox state
regulates HIF-1α and its DNA binding and phosphorylation

in salmonid cells,” Journal of Cell Science, vol. 117, no. 15,
pp. 3201–3206, 2004.

[46] J. Sceneay, M. C. P. Liu, A. Chen, C. S. F. Wong, D. D. L.
Bowtell, and A. Möller, “The antioxidant N-acetylcysteine
prevents HIF-1 stabilization under hypoxia in vitro but does
not affect tumorigenesis in multiple breast cancer models
in vivo,” PLoS One, vol. 8, no. 6, article e66388, 2013.

[47] Z. Zhang, J. Yan, S. Taheri, K. J. Liu, and H. Shi, “Hypoxia-
inducible factor 1 contributes to N-acetylcysteine’s protection
in stroke,” Free Radical Biology & Medicine, vol. 68, pp. 8–
21, 2014.

[48] M. Alvarez-Tejado, S. Naranjo-Suarez, C. Jiménez et al., “Hyp-
oxia induces the activation of the phosphatidylinositol 3-
kinase/Akt cell survival pathway in PC12 cells: protective role
in apoptosis,” Journal of Biological Chemistry, vol. 276, no. 25,
pp. 22368–22374, 2001.

[49] D. Beitner-Johnson, R. T. Rust, T. C. Hsieh, and D. E. Mill-
horn, “Hypoxia activates Akt and induces phosphorylation of
GSK-3 in PC12 cells,” Cellular Signalling, vol. 13, no. 1,
pp. 23–27, 2001.

[50] T. Dai, H. Zheng, and G. Fu, “Hypoxia confers protection
against apoptosis via the PI3K/Akt pathway in endothelial
progenitor cells,” Acta Pharmacologica Sinica, vol. 29, no. 12,
pp. 1425–1431, 2008.

[51] H. Stegeman, J. H. Kaanders, D. L. Wheeler et al., “Activation
of AKT by hypoxia: a potential target for hypoxic tumors of
the head and neck,” BMC Cancer, vol. 12, no. 1, p. 463, 2012.

[52] M. Kilic-Eren, T. Boylu, and V. Tabor, “Targeting PI3K/Akt
represses hypoxia inducible factor-1α activation and sensitizes
rhabdomyosarcoma and Ewing’s sarcoma cells for apoptosis,”
Cancer Cell International, vol. 13, no. 1, p. 36, 2013.

[53] S. C. Land and A. R. Tee, “Hypoxia-inducible factor 1α is reg-
ulated by the mammalian target of rapamycin (mTOR) via an
mTOR signaling motif,” Journal of Biological Chemistry,
vol. 282, no. 28, pp. 20534–20543, 2007.

[54] X. M. Yang, Y. S. Wang, J. Zhang et al., “Role of PI3K/Akt
and MEK/ERK in mediating hypoxia-induced expression of
HIF-1α and VEGF in laser-induced rat choroidal neovascu-
larization,” Investigative Ophthalmology & Visual Science,
vol. 50, no. 4, pp. 1873–1879, 2009.

[55] K. Baar and K. Esser, “Phosphorylation of p70S6k correlates
with increased skeletal muscle mass following resistance exer-
cise,” American Journal of Physiology Cell Physiology, vol. 276,
no. 1, pp. C120–C127, 1999.

[56] P. Gran, A. E. Larsen, M. Bonham et al., “Muscle p70S6K
phosphorylation in response to soy and dairy rich meals in
middle aged men with metabolic syndrome: a randomised
crossover trial,” Nutrition & Metabolism, vol. 11, no. 1, p. 46,
2014.

[57] N. E. Zanchi and A. H. Lancha, “Mechanical stimuli of skeletal
muscle: implications onmTOR/p70s6k and protein synthesis,”
European Journal of Applied Physiology, vol. 102, no. 3,
pp. 253–263, 2008.

[58] J. G. Krolikowski, D. Weihrauch, M. Bienengraeber, J. R.
Kersten, D. C. Warltier, and P. S. Pagel, “Role of Erk1/2,
p70s6K, and eNOS in isoflurane-induced cardioprotection
during early reperfusion in vivo,” Canadian Journal of Anes-
thesiology, vol. 53, no. 2, pp. 174–182, 2006.

[59] J. M. McClung, M. A. Whidden, A. N. Kavazis, D. J. Falk, K. C.
Deruisseau, and S. K. Powers, “Redox regulation of diaphragm
proteolysis during mechanical ventilation,” American Journal

18 Oxidative Medicine and Cellular Longevity



of Physiology Regulatory, Integrative and Comparative Physiol-
ogy, vol. 294, no. 5, pp. R1608–R1617, 2008.

[60] A. Berdichevsky, L. Guarente, and A. Bose, “Acute oxidative
stress can reverse insulin resistance by inactivation of cytoplas-
mic JNK,” Journal of Biological Chemistry, vol. 285, no. 28,
pp. 21581–21589, 2010.

[61] V. Levresse, L. Butterfield, E. Zentrich, and L. E. Heasley, “Akt
negatively regulates the cJun N-terminal kinase pathway in
PC12 cells,” Journal of Neuroscience Research, vol. 62, no. 6,
pp. 799–808, 2000.

[62] T. M. Thornton, G. Pedraza-Alva, B. Deng et al., “Phosphory-
lation by p38 MAPK as an alternative pathway for GSK3beta
inactivation,” Science, vol. 320, no. 5876, pp. 667–670, 2008.

[63] H. Degens, A. Bosutti, S. F. Gilliver, M. Slevin, A. van Heijst,
and R. C. Wust, “Changes in contractile properties of skinned
single rat soleus and diaphragm fibres after chronic hypoxia,”
Pflügers Archiv - European Journal of Physiology, vol. 460,
no. 5, pp. 863–873, 2010.

[64] T. L. Clanton, “Hypoxia-induced reactive oxygen species for-
mation in skeletal muscle,” Journal of Applied Physiology,
vol. 102, no. 6, pp. 2379–2388, 2007.

[65] L. Zuo, T. M. Best, W. J. Roberts, P. T. Diaz, and P. D. Wagner,
“Characterization of reactive oxygen species in diaphragm,”
Acta Physiologica, vol. 213, no. 3, pp. 700–710, 2015.

[66] M. B. Reid and J. S. Moylan, “Beyond atrophy: redox mecha-
nisms of muscle dysfunction in chronic inflammatory disease,”
The Journal of Physiology, vol. 589, no. 9, pp. 2171–2179, 2011.

19Oxidative Medicine and Cellular Longevity



Research Article
Role of miR-200c in Myogenic Differentiation Impairment via
p66Shc: Implication in Skeletal Muscle Regeneration of
Dystrophic mdx Mice

Marco D’Agostino,1 Alessio Torcinaro,2,3 Luca Madaro ,4 Lorenza Marchetti ,5

Sara Sileno ,5 Sara Beji,5 Chiara Salis,5 Daisy Proietti ,4 Giulia Imeneo ,3

Maurizio C. Capogrossi,5,6 Francesca De Santa,3,4 and Alessandra Magenta 5

1Department of Experimental Medicine, Sapienza University of Rome, Viale Regina Elena 324, 00161 Rome, Italy
2Department of Biology and Biotechnology “Charles Darwin”, Sapienza University of Rome, Roma, Italy
3Institute of Cell Biology and Neurobiology (IBCN), Italian National Research Council (CNR), 00143 Rome, Italy
4Fondazione Santa Lucia IRCCS, 00143 Rome, Italy
5Vascular Pathology Laboratory, Instituto Dermopatico dell’Immacolata-IRCCS, FLMM, Via dei Monti di Creta 104,
00167 Rome, Italy
6Department of Cardiology, Ochsner Medical Center, 1514 Jefferson Hwy., New Orleans, LA 70121, USA

Correspondence should be addressed to Alessandra Magenta; ale.magenta@gmail.com

Received 31 July 2017; Revised 18 December 2017; Accepted 25 December 2017; Published 13 February 2018

Academic Editor: Andrey J. Serra

Copyright © 2018 Marco D’Agostino et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Duchenne muscular dystrophy (DMD) is a genetic disease associated with mutations of Dystrophin gene that regulate myofiber
integrity and muscle degeneration, characterized by oxidative stress increase. We previously published that reactive oxygen
species (ROS) induce miR-200c that is responsible for apoptosis and senescence. Moreover, we demonstrated that miR-200c
increases ROS production and phosphorylates p66Shc in Ser-36. p66Shc plays an important role in muscle differentiation; we
previously showed that p66Shc−/− muscle satellite cells display lower oxidative stress levels and higher proliferation rate and
differentiated faster than wild-type (wt) cells. Moreover, myogenic conversion, induced by MyoD overexpression, is more
efficient in p66Shc−/− fibroblasts compared to wt cells. Herein, we report that miR-200c overexpression in cultured myoblasts
impairs skeletal muscle differentiation. Further, its overexpression in differentiated myotubes decreases differentiation indexes.
Moreover, anti-miR-200c treatment ameliorates myogenic differentiation. In keeping, we found that miR-200c and p66Shc
Ser-36 phosphorylation increase in mdx muscles. In conclusion, miR-200c inhibits muscle differentiation, whereas its inhibition
ameliorates differentiation and its expression levels are increased in mdx mice and in differentiated human myoblasts of DMD.
Therefore, miR-200c might be responsible for muscle wasting and myotube loss, most probably via a p66Shc-dependent
mechanism in a pathological disease such as DMD.

1. Introduction

We previously showed that oxidative stress inhibits myo-
genic differentiation [1] and in a model of oxidative stress
such as acute hind limb ischemia, it was demonstrated that
reactive oxygen species (ROS) production plays a causal role
in tissue damage, leading to cell death by both apoptosis and
necrosis [2].

p66Shc adaptor protein is a redox enzyme implicated in
mitochondrial ROS generation and translation of oxidative
signals [3]. Under physiological conditions, the phosphoryla-
tion of Tyr residues of p66Shc by growth factors mediates the
signal transduction to the nucleus, inhibiting the Ras signal-
ing pathway, while phosphorylation of the Ser-36 site is
crucial for oxidative stress response [4]. p66Shc once phos-
phorylated in Ser-36 enhances ROS production by using
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three different mechanisms restricted in the nucleus, the
plasma membrane, and the mitochondria [4].

In keeping, our previous results demonstrated that
p66Shc inhibits myogenic differentiation and p66Shc dele-
tion enhances skeletal muscle regeneration after ischemia [1].

MicroRNAs (miRNAs) are 21–23 nucleotide RNA mole-
cules that regulate stability or translational efficiency of target
messenger RNAs [5]. miRNAs control a wide range of cell
functions and have been associated with inflammation, oxi-
dative stress, and differentiation [6–8].

We previously showed that the miR-200 family is upreg-
ulated upon oxidative stress in different cells, such as endo-
thelial cells, human fibroblasts, murine myoblasts, and
myotubes [9]. This miRNA family consists of five members
(miR-200c, miR-141, miR-200a, miR-200b, and miR-429).
We demonstrated that miR-200c is the most upregulated
family member and is responsible for apoptosis and senes-
cence by targeting zinc finger E-box-binding homeobox 1
(ZEB1) protein [9]. We also demonstrated that miR-200c is
induced following acute hind limb ischemia in skeletal mus-
cles and this induction was oxidative stress dependent, since
in p66Shc−/− mice, which exhibit less oxidative stress than
wild-type (wt) mice [1], miR-200c increase is significantly
attenuated [9].

In a recent publication, we demonstrated that miR-200c
increased ROS production and induced p66Shc protein
phosphorylation in Ser-36; this mechanism upregulated
ROS and inhibited FOXO1 transcription of ROS scavengers,
reinforcing this molecular circuitry [10].

Moreover, we showed that anti-miR-200c treatment in
hind limb ischemia in mice rescued the decrease of miR-
200c protein targets and improved limb perfusion [10].

Herein, we wanted to dissect the role of miR-200c in
muscle differentiation and to comprehend whether miR-
200c levels were modulated in muscle pathological diseases
associated with oxidative stress increase, such as Duchenne
muscular dystrophy (DMD) [11, 12].

In keeping with this hypothesis, in the paper of Greco
et al., an interesting link between ischemia-, mdx-, and
DMD-modulated miRNAs associated with apoptosis/myo-
necrosis was demonstrated [13]. Interestingly, in adductor
muscles of mdx, a miR-200c upregulation was found in a
miRNA screening, although not significantly [13].

Muscular dystrophies are a heterogenous group of genetic
disorders characterized by muscle degeneration and associ-
ated with mutations of genes that regulate myofiber integrity
[14]. The most common dystrophy is the DMD, a lethal
X-linked genetic disease characterized by severe muscle degen-
eration, caused by deficiency of dystrophin, a critical compo-
nent of the dystrophin glycoprotein complex (DGC), acting
as a link between cytoskeleton and extracellular matrix both
in skeletal and cardiac muscles [15, 16]. The mdx mice strain
represents the most used animal model to study DMD [17].

Dystrophic muscles undergo continuous cycles of degen-
eration and regeneration. Satellite cells (SC), the skeletal
muscle stem cells, exit from quiescence and undergo the pro-
liferation phase followed by activation of skeletal muscle dif-
ferentiation program or return to quiescence to maintain the
stem cell pool. Although SC compensate for muscle fiber loss

in the early stages of dystrophy leading to muscle compensa-
tory regeneration, eventually, these progenitors become
exhausted [18]. As a result, muscles are characterized by
necrosis and inflammation culminating in extracellular
matrix and fat deposition. Consequently, fibrous and fatty
connective tissue overtakes the functional myofibers [15, 19].

Recent papers highlighted new cellular and molecular
mechanisms contributing to SC dysfunction in dystrophic
muscle. Specifically, SC hold an intrinsic cell dysfunction
affecting their polarity and asymmetric division [20]. More-
over, SC can undergo mesenchymal fibrogenic conversion,
mediated by TGFbeta signaling, compromising their physio-
logical muscle regenerative functions [21, 22].

The pathology of DMD appears to be exacerbated by oxi-
dative stress, and ROS increase plays a pivotal role in the
necrosis of skeletal muscles in DMD and in dystrophic mdx
mouse [11]. Moreover, since contractile (myofibrillar) pro-
teins such as myosin, actin, troponin, and tropomyosin con-
taining thiol side chains are sensitive to oxidation, these
modifications may alter excitation/contraction coupling and
cross-bridge cycling, modulating muscle contraction. As a
consequence, excessive oxidative stress that occurs in DMD
provokes muscle weakness and wasting [11].

The results of the present work show that miR-200c
impairs muscle differentiation, whereas miR-200c inhibition
ameliorates differentiation; moreover, both miR-200c expres-
sion levels and p66Shc phosphorylation in Ser-36 increase
in mdx mice. Moreover, miR-200c increases also in differ-
entiated human myoblasts of DMD. Therefore, we hypoth-
esized a miR-200c role in muscle wasting and myotube
loss via a p66Shc-dependent mechanism in DMD.

2. Materials and Methods

2.1. Cell Line, Culture Conditions, and Transfections. C2.12
(C2C12), a subclone of the C2 mouse myoblast cell line,
was obtained from M Buckingham. C2C12 were cultured in
growth medium ((GM) DMEM-GlutaMAX complemented
with penicillin/streptomycin and 20% FBS). Myogenic differ-
entiation was induced by shifting the cells in differentiation
medium ((DM) DMEM-GlutaMAX complemented with
penicillin/streptomycin and 2% FBS).

Human myoblasts were derived from muscle biopsies of
healthy donors or DMD patients. Human myoblasts were
cultured in growth medium (GM) (DMEM-GlutaMAX com-
plemented with penicillin/streptomycin and 20% FBS). Myo-
genic differentiation was induced by shifting the cells in
differentiation medium (DM) (DMEM-GlutaMAX comple-
mented with penicillin/streptomycin, 5% horse serum, and
insulin 100μg/ml).

Transfections were carried out by using Lipofectamine
3000 reagent (Invitrogen) according to the manufacturer’s
instructions. Cells were seeded at 105 per well in six-well
dishes and transfected 18 hours (h) later. The amount of plas-
mid used in transfection assay is indicated in thefigure legend.

2.2. Drug Treatments. H2O2 (30% (wt/wt) solution; Sigma)
was administered to the cells as a 100mM solution in
phosphate-buffered saline (PBS).
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2.3. Plasmid Constructs. p66Shc-Ser-36 to Ala mutant was
generated using QuickChange Site-Directed Mutagenesis
Kit (Stratagene) starting from p66Shc pBABE vector.
plko.1-miR-200c and plko.1-anti-miR-200c constructs were
described previously [9, 10].

2.4. miRNA Overexpression and Inhibition. Stable expression
of miR-200c, anti-miR-200c, or miR-scramble in C2C12
cells was generated by viral infection using lentiviral
supernatants. These viruses were produced as previously
described [23]. In summary, cells were infected with lenti-
viral virus for 2 h and then were recovered in complete
fresh medium for 24 h. Afterwards, infected cells were
selected by puromycin-containing medium (Sigma) for
72 h. miR-200c overexpression was controlled by quantita-
tive real-time PCR (RT-qPCR) (see methods below).

2.5. Immunofluorescence of Cultured Cells. C2C12 in culture
were fixed in 4% paraformaldehyde in PBS for 10 minutes
at room temperature, incubated with glycine 50mM in PBS
for 10 minutes at room temperature to quench paraformal-
dehyde, and permeabilized with 0.1% Triton-X in PBS for
10min at room temperature. Then, cells were blocked with
4% IgG-free bovine serum albumin (BSA) in PBS for 30
minutes. Cells were immune labelled with the antibody
against myosin heavy chain (MyHC) (MF20 Hybridoma
bank) in 4% BSA overnight at +4°C. Donkey anti-mouse
IgG conjugated to Alexa Fluor 488 (Jackson ImmunoRe-
search #715-545-150) were used to detect the signal. Nuclei
were counterstained with DAPI (Sigma D9542). Phase
contrast images of C2C12 cells were acquired with Leica
microscope (DM-IRB). Immunofluorescence images were
acquired with confocal laser scanning microscopy system
Zeiss Axiovert 200M or fluorescencemicroscope Nikon Eclipse
TE-2000E. Counts were performed with ImageJ software.

Differentiation index calculations are as follows:

(i) Differentiation index was measured as the percent-
age of all MyHC+ cells, both mononucleated and
multinucleated cells.

(ii) Fusion index was measured as the percentage of
multinucleated MyHC+ cells (≥2 nuclei).

(iii) Nuclei per myotube were calculated as the mean of
the number of nuclei within myotubes.

2.6. Animal Model. Mdx mice (C57BL10J DMDmdx) and
wild-type (wt) mice (C57BL10J) were purchased from
Charles River. All mice handling procedures were approved
by the internal Animal Research Ethical Committee accord-
ing to the Italian Ministry of Health and complied with the
NIH Guide for the Care and Use of Laboratory Animals.
All the procedures were carried out in accordance with the
promise of the three Rs (replacement, reduction, and refine-
ment). The animals were housed in cages with environmental
enrichment in order to reduce pain and stress and increase
animal welfare. The animals were sacrificed, and hind limb
muscles were directly frozen in liquid nitrogen and stored
at −80°C.

2.7. RNA Isolation and qPCR Analysis. Hind limb muscles
from mdx mice were homogenized by a handheld rotor-
stator homogenizer (TissueRuptor—Qiagen) in TRIzol
reagent (Invitrogen). RNA was extracted following manufac-
turer’s protocol (TRIzol—Invitrogen).

Hind limb muscles were isolated from 3 different ani-
mals for each strain and age described in the figures, and
RNA was isolated and quantified by NanoDrop (Thermo
Scientific 2000C).

miRNA levels were analyzed using the TaqMan RT-
qPCR and quantified with the ABI Prism 7000 SDS (Applied
Biosystems). miR-200c levels were normalized to U6 small
RNA expression as previously reported [24, 25].

Primers for miR-200c, U6, and reagents for reverse tran-
scriptase and RT-qPCRs were all obtained from Applied
Biosystems.

2.8. Protein Isolation and Western Blot Analysis. C2C12 cells
were lysed in a buffer containing 100mM Tris (pH6.8), 20%
glycerol, and 4% sodium dodecyl sulfate (SDS). Amounts
of protein were determined by bicinchoninic acid protein
assay kit (Pierce, Rockford, IL). Then dithiothreitol (DTT)
(200mM) was added and lysates were boiled for 5min.

Hind limbmuscles frommdxmicewere homogenized by a
handheld rotor-stator homogenizer (TissueRuptor—Qiagen;
5–10seconds, 4 timesat+4°C) inproteinextractionbuffer con-
taining 50mM Tris-HCl pH7.5, 0.6M sucrose, 50% glycerol,
1% Triton, and 50mM NaCl supplemented with protease
(1mM PMSF, 5μg/ml aprotinin, 5μg/ml leupeptin, and
5μg/ml pepstatin) and phosphatase inhibitors (10mM NaF,
5mM β-glycerophosphate, and 1mM Na-orthovanadate).
Lysates were also sonicated (5 seconds, 2 times), incubated
on a tube rotator at +4°C for 30 minutes, and cleared of insol-
uble debris by centrifugation at 13000 rpm for 20 minutes at
+4°C and the supernatants were stored at −80°C. Protein con-
centrations were determined by Bradford assay.

For Western blot analysis, proteins were extracted from
gastrocnemius and quadricepsmuscles ofwt andmdx animals
(3 wt mice and 3 mdx mice of 4 weeks and 36 weeks, resp.).
Proteins were separated on denaturing SDS-polyacrylamide
gels, transferred to the nitrocellulose membrane by standard
procedures, and blotted with the following primary anti-
bodies: ZEB1 (H-102), myosin heavy chain MyHC (MF20
mouse hybridoma), MyoD (MoAb 5.8A, Dako), myogenin
(IF5D mouse hybridoma), p66Shc (Transduction Laborato-
ries), p66Shc-phospho-Ser-36 (Abcam 6E10), tubulin
(Oncogene Research Products Ab-1), and GAPDH (Calbio-
chem CB1001). The antibody binding was revealed by horse-
radish peroxidase-conjugated secondary antibodies followed
by chemiluminescence detection (ECL, Pierce).

Immunoprecipitations were performed as previously
described [26]. Cells were resuspended in lysis buffer
containing 50mM HEPES (pH7.5), 250mM NaCl, 1mM
DTT, 0.1% Tween 20, 10% glycerol, 5mM CaCl2, 1mM phe-
nylmethylsulfonyl fluoride (PMSF), 10mM Na3VO4, 50mM
NaF, and protease inhibitors (complete EDTA-free protease
inhibitor mixture tablets; Roche Applied Sciences). Immuno-
precipitations were performed for 2 to 3 h at 4°C with protein
A/G agarose and 1μg of relevant antibodies. Immune
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complexes were resuspended in 2x Laemmli buffer, separated
by SDS-polyacrylamide gel electrophoresis (PAGE), and
immunoblotted with relevant antibodies.

2.9. Statistical Analysis. The number of samples or indepen-
dent experiments and the definition of reported values are
indicated in the figure legends as mean± standard error of
the mean (SEM). Statistical analyses were performed using
the GraphPad Prism software (Version 5.0). Statistical signif-
icance was assessed by unpaired Student’s t-test or ANOVA.
P value< 0.05 was considered as statistically significant.

3. Results

3.1. miR-200c Overexpression Inhibits Myogenic Differentiation.
We previously showed that oxidative stress inhibits muscle dif-
ferentiation [1]. We also demonstrated that miR-200c is
highly induced upon H2O2 treatment in C2C12 in both
myoblasts and differentiated myotubes [9]. Therefore, we

asked whether miR-200c modulation had an effect on myo-
genic differentiation.

To this aim, we overexpressed miR-200c in C2C12 myo-
blasts; then, we shifted the cells to differentiation medium
(DM). We found that miR-200c inhibited myotube forma-
tion as assessed by MyHC immunofluorescence staining
(Figure 1(a)). In addition, a decrease of three muscle differen-
tiation parameters was also observed, specifically differentia-
tion index (percentage of both myotubes and MyHC-positive
cells), fusion index (percentage of nuclei within a myotube),
and number of nuclei within myotubes (Figure 1(b)). We
then analyzed myogenic differentiation byWestern blot anal-
ysis, and we observed that ZEB1, MyHC, and myogenin pro-
teins were all downregulated upon miR-200c overexpression,
whereas MyoD was not affected (Figure 1(c)).

miR-200c overexpression was also performed in C2C12
after 24 hrs of myogenic differentiation. As shown in phase
contrast images of Figure 2(a), we started from cells with a
similar degree of differentiation prior to infection (upper
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Figure 1: miR-200c overexpression in myoblasts inhibits skeletal muscle differentiation in vitro. C2C12 myoblasts were infected either with a
lentivirus encoding miR-200c or with a control virus. After selection with puromycin, cells were plated and shifted to differentiation medium
for 3 days. (a) Representative images of anti-MyHC staining (green). Nuclei were counterstained with DAPI (grey). Immunofluorescence with
anti-MyHC antibody showed a decrease in myotubes in miR-200c-overexpressing cells compared to control. Scale bar: 200μm. (b) Bar graphs
representing differentiation index (percentage of MyHC-positive cells), fusion index (percentage of nuclei within a myotube), and number of
nuclei per myotube. miR-200c overexpression decreased all these parameters (n = 3 independent experiments; ∗∗∗p < 0 001). (c) A
representative Western blot using ZEB1, MyHC, myogenin, and antibodies showed that protein levels decreased upon miR-200c
overexpression and MyoD expression was not affected. α-Tubulin (TUB) was used as loading control.
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panels); we found that miR-200c overexpression decreased
the myotube number (Figure 2(a) lower panels), assessed also
by MyHC immunofluorescence staining (Figure 2(b)). More-
over, a decrease in differentiation index, fusion index, and
number of nuclei within myotubes was also observed in dif-
ferentiated miR-200c-overexpressing cells (Figure 2(c)).

We then analyzed myogenic differentiation by Western
blot, and we observed that ZEB1, MyHC, myogenin, and
MyoD proteins were all downregulated upon miR-200c over-
expression (Figure 2(d)).

All these results suggested a role for miR-200c in myo-
genic differentiation inhibition and in myotube loss.

3.2. miR-200c Inhibition Enhances Myogenic Differentiation.
We then asked whether anti-miR-200c treatment was able to
ameliorate myogenic differentiation. Therefore, we transduced

C2C12 cells with anti-miR-200c lentiviral particles and
we shifted cells to DM for increasing period of times.
We found that anti-miR-200c increased myotube forma-
tion as assessed by MyHC immunofluorescence staining
(Figure 3(a)). In addition, an increase of three muscle dif-
ferentiation parameters was also observed, specifically dif-
ferentiation index, fusion index, and number of nuclei
within myotubes (Figure 3(b)). We analyzed myogenic dif-
ferentiation by Western blot, and we found that MyHC,
myogenin, and MyoD proteins were increased at 48 h and
72 h of DM upon anti-miR-200c expression at higher levels
compared to anti-scramble-treated C2C12 (Figure 3(c)).

3.3. miR-200c Increased p66Shc Phosphorylation in Ser-36 in
C2C12 Myoblasts.We previously showed that, in endothelial
cells, miR-200c induces p66Shc phosphorylation in Ser-36, a

miR-scramble miR-200c
Po

sti
nf

ec
tio

n
Pr

ei
nf

ec
tio

n

(a)

miR-scramble miR-200c

M
yH

C
/D

A
PI

(b)

D
iff

er
en

ta
tio

n 
In

de
x 

(%
)

Fu
sio

n 
in

de
x 

(%
)

N
uc

le
i p

er
 m

yo
tu

be
 (n

)

miR-scramble
miR-200c

100.0 80.0 15.0

10.0

5.0

0.0

60.0

40.0

20.0

0.0

80.0

60.0

40.0

20.0

0.0

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

(c)

96 h DM

GM
24 h
DM

ZEB1

MyHC

MyoD

Myogenin

TUB

255 kD –

255 kD –

38 kD –
38 kD –

52 kD –

m
iR

-s
cr

m
iR

-2
00

c

(d)

Figure 2: miR-200c overexpression in myotubes inhibits skeletal muscle differentiation in vitro. C2C12 myoblasts were shifted to
differentiation medium for 24 hrs; then, cells were infected either with a lentivirus encoding miR-200c or with a control virus. Afterwards,
cells were selected with puromycin in differentiation medium for 3 days. (a) Representative-phase contrast images of C2C12 myoblasts
prior to infection (upper panels) and after infection (lower panels). (b) Representative images of anti-MyHC staining (green). Nuclei were
counterstained with DAPI (grey). Scale bar: 200 μm. (c) Bar graphs representing differentiation index, fusion index, and number of nuclei
per myotube. miR-200c overexpression decreased all these parameters (n = 3 independent experiments; ∗∗∗p < 0 001). (d) A representative
Western blot using ZEB1, MyHC, myogenin, and MyoD antibodies showed that protein levels decreased upon miR-200c overexpression.
α-Tubulin (TUB) was used as loading control.
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phosphorylation known to be elicited by oxidative stress [10].
We therefore asked whether miR-200c phosphorylated
p66Shc in this residue, also in C2C12 myoblasts. To this
aim, we transduced C2C12 with miR-200c and scramble con-
trol and then transfected the cells with a p66Shc wt cells or a
mutated p66 (p66mut) plasmid in which Ser-36 was replaced
with Ala, that is not phosphorylable. We treated cells with or
without 400μM H2O2 for 5minutes, and we found that
Ser-36 phosphorylation increased, as expected, upon H2O2
treatment in p66wt-transfected cells, but not in the
p66mut-transfected ones (Figures 4(a) and 4(b)). Moreover,
in C2C12-overexpressing miR-200c, p66wt was phosphory-
lated also in basal conditions, that is, without H2O2, and

the phosphorylation in Ser-36 increased even further upon
H2O2 treatment (Figures 4(a) and 4(b)).

Further, we aimed at establishing whether endogenous
p66 was phosphorylated in Ser-36 by miR-200c. Unfortu-
nately, we failed to visualize phosphorylation by Western
blot analysis; therefore, we immunoprecipitated p66Shc,
to enhance the signal of Ser-36 phosphorylation.

As shown in Figure 4c, we found an increase in Ser-36
phosphorylation in the immunoprecipitates of p66 in miR-
200c-overexpressing C2C12 compared to scramble control
(Figures 4(c) and 4(d)).

Taken together, these results indicate that miR-200c
enhances p66Shc phosphorylation in Ser-36 as well as in
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Figure 3: Anti-miR-200c treatment enhances skeletal muscle differentiation in vitro. C2C12 myoblasts were infected either with a lentivirus
encoding anti-miR-200c or with a control virus. After selection with puromycin, cells were plated and shifted to differentiation medium for
the times indicated in the figure. (a) Representative images of anti-MyHC staining (green). Nuclei were counterstained with DAPI (blue).
Immunofluorescence with anti-MyHC antibody showed an increase in myotubes in anti-miR-200c-overexpressing cells compared to
control at 3 days in DM. Scale bar: 100 μm. (b) Bar graphs representing differentiation index, fusion index, and number of nuclei
per myotube. Anti-miR-200c overexpression increased all these parameters (n = 3 independent experiments; ∗∗∗p < 0 001). (c) A
representative Western blot using MyHC, myogenin, and MyoD antibodies showed that all these protein levels increased upon anti-
miR-200c overexpression. α-Tubulin (TUB) was used as loading control.
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C2C12 myoblasts, supporting its role in oxidative stress pro-
duction [10].

3.4. miR-200c and p66Shc Phosphorylation in Ser-36 Increase
in Skeletal Muscles of mdx Mice.Muscle degeneration inmdx
mice is characterized by high oxidative stress [11]; therefore,
we asked whether miR-200c was induced in mdx mice com-
pared to wt mice.

We analyzed miR-200c expression levels in different
muscles, that is, quadriceps (Q), gastrocnemius (GA), tibialis
anterior (TA), extensor digitorum longus (EDL), and soleus
(SOL), in both young (4-week-old mice (4w)) and older mice
(36-week-old mice (36w)) (Figures 5(a) and 5(b)). We found
that miR-200c was significantly higher in mdx mice com-
pared to wt, in all muscle groups examined, both in young
and older mice (Figures 5(a) and 5(b)); indeed, in Q of young
(~6-fold) and in GA of older mice (~12-fold), we found a
very high increase of miR-200c expression (Figures 5(a)
and 5(b)). An increase of miR-200c expression was also
found in human myoblasts derived from muscle biopsies of

DMD patients cultured in muscle differentiation medium,
compared to human-differentiated myoblasts derived from
muscle biopsies of healthy donors (Figure 5(c)).

In light of these results, we examined the levels of p66Shc
phosphorylation in Ser-36 in Q and GA.

Interestingly, we found an increase of p66 protein in
young mdx compared to wt mice and a strong upregulation
of Ser-36 phosphorylation (Figure 5(d)). Notably, p66 phos-
phorylation in Ser-36 was increased in older mice also in
basal conditions and was even higher in Q and particularly
in GA, showing that older mice displayed higher miR-200c
(Figure 5(d)).

These results suggest a role for miR-200c in oxidative
stress increase in mdx mice, mediated, at least in part, by
p66Shc-dependent mechanism.

4. Discussion

In this report, we dissected the role of the oxidative stress-
induced miR-200c on muscle differentiation, since our and
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Figure 4: miR-200c overexpression induces p66Shc phosphorylation in Ser-36. C2C12 myoblasts were infected either with a lentivirus
encoding miR-200c or with a control virus. After selection with puromycin, cells were transfected with 1μg of p66wt or a mutated version
in which Ser-36 was substituted with Ala that was no longer phosphorylable (p66mut). (a) A representative Western blot using p66Shc-
Ser-36 antibody showed that p66wt phosphorylation was higher in miR-200c-overexpressing cells compared to scramble control both
without and with H2O2 treatment. Phosphorylation of p66mut was not present, as expected, in any condition. α-Tubulin (TUB) was used
as loading control. (b) Bar graph showing the quantification of p66Shc phosphorylation in Ser-36 versus p66wt protein levels of C2C12-
overexpressing miR-200c compared with control cells (n = 3; ∗∗∗p < 0 001). (c) C2C12 myoblasts were infected either with a lentivirus
encoding miR-200c or with a control virus. After selection with puromycin, cells were immunoprecipitated (Ip) with either an anti-p66
antibody or an irrelevant isotypic antibody (negative control). Western blotting with a p66Shc-phospho-Ser-36 antibody revealed that
p66Shc was more phosphorylated in Ser-36 in miR-200c IP-p66 than in scramble control cells. The efficiency of immunoprecipitation was
assessed with an anti-p66 antibody. One-twentieth of the immunoprecipitated whole-cell extract (input) was loaded as a reference. (d) Bar
graph showing the quantification of p66Shc phosphorylation in Ser-36 versus p66 total protein levels of C2C12-overexpressing miR-200c
compared with scramble control cells (n = 3; ∗∗∗p < 0 001).
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other laboratories reported a decrease in myogenic differenti-
ation upon oxidative stress in vitro [1, 27–29].

Our results showed that miR-200c inhibits myogenic
differentiation when forced miR-200c overexpression was
performed in myoblasts; moreover, when miR-200c is over-
expressed in differentiated myotubes, a decrease in myotube
number and size was also observed. These effects are associ-
ated with a decrease in myogenic markers, that is, MyHC
and myogenin, both in growing and in differentiating
conditions. In keeping, anti-miR-200c treatment in grow-
ing myoblasts accelerates myogenic differentiation, increas-
ing myotube numbers and size. We previously found that
miR-200c induces oxidative stress and p66Shc phosphory-
lation in Ser-36 in endothelial cells [10]. In the present study,
we confirmed these results also in murine myoblasts. Further,
we found that both miR-200c and p66Shc phosphorylation in
Ser-36 increase in mdx muscles compared to wt. Moreover,
we found that miR-200c is significantly induced in human-
differentiated myoblasts of DMD patients compared to dif-
ferentiated myoblasts of healthy donors.

Other papers evaluated miRNA expression modulation
in mdx and DMD muscles and also in sera [13, 30]. Indeed,
Greco et al. found that in adductor muscles of mdx, a miR-
200c upregulation was present, although not significant
[13]. Moreover, the authors demonstrated that degenerative
miRNAs may regulate, at least in part, critical mediators of
cell death, contributing to the apoptotic/necrotic myofiber
loss associated with both ischemia and DMD [13]. Our pre-
vious data show that miR-200c is highly induced by ischemia
and its inhibition is able to increase limb perfusion, reverting
the downregulation of its targets responsible of apoptosis,
senescence, ROS increase, and nitric oxide (NO) decrease
[10]. In keeping, the present study demonstrates that miR-
200c that we previously showed to be upregulated upon
ischemia [9, 10] is associated with myotube loss and is upreg-
ulated in mdx and DMD.

Our previous studies demonstrated that p66Shc−/− SC
differentiated better than wt cells in terms of myogenic
marker increase, that is, myogenin and MyHC and myotube
numbers, assessed by MyHC fluorescence; further, myogenic

miR-200c

10.00
8.0
6.0
4.0
2.0
0.0

Fo
ld

 in
du

ct
io

n

Q GA TA EDL SOL

⁎

⁎

⁎
⁎

⁎

wt-4 w
mdx-4 w

(a)

miR-200c

25.00
20.0
15.0
10.0

5.0
0.0

Fo
ld

 in
du

ct
io

n

Q GA TA EDL SOL

wt-36 w
mdx-36 w

⁎

⁎⁎

⁎
⁎

⁎⁎

(b)

miR-200c
4.0

3.0

2.0

1.0

0.0

Fo
ld

 in
du

ct
io

n

h-myoblatsts ctrl
h-myoblatsts DMD

⁎

(c)

wt mdx wt mdx
GA Q GA Q GA Q GA Q

4 w 36 w

63 kD‑

63 kD‑

35 kD‑

p66Shc

p66Sch P-Ser-36

GAPDH

(d)

Figure 5: miR-200c and p66Shc phosphorylation in Ser-36 increase in dystrophic muscles of mdx mice. (a) The mRNA of quadriceps (Q),
gastrocnemius (GA), tibialis anterior (TA), extensor digitorum longus (EDL), and soleus (SOL) muscles isolated from 3 young (4-week-old
(4 w)) mdx mice were assayed for miR-200c expression. miR-200c increased in young mdx mice compared to young wt mice (n = 3 for each
muscle; ∗p < 0 05; the bar graphs are average results of miR-200c expression levels of 3 different mice for each muscle). (b) The mRNA of
quadriceps (Q), gastrocnemius (GA), tibialis anterior (TA), extensor digitorum longus (EDL), and soleus (SOL) muscles isolated from 3
old (36-week-old (36w)) mdx mice were assayed for miR-200c expression. miR-200c increased in old mdx mice compared to old wt mice
(n = 3 for each muscle; ∗∗p < 0 01; ∗p < 0 05; the bar graphs are average results of miR-200c expression levels of 3 different mice for each
muscle). (c) The mRNA of human myoblasts derived from muscle biopsies of healthy donors or DMD patients and differentiated in vitro
were assayed for miR-200c expression. miR-200c increased in DMD myoblasts compared to control myoblasts (n = 3; ∗p < 0 05; the bar
graphs are average results of miR-200c expression levels of 3 different cell populations for control or DMD samples). (d) A representative
Western blot of GA and Q protein extracts of both young (4w) and old mdx (36w) compared to young and old wt mice showed that p66
protein was induced in mdx mice compared to wt mice. Moreover, the phosphorylation in Ser-36 was induced in mdx mice compared to
wt mice in both young and old mice (the experiment was performed on 3 biological replicates; 3 wt mice and 3 mdx mice of 4 weeks and
36 weeks, resp.). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as loading control.
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conversion, induced by MyoD overexpression, was more effi-
cient in p66Shc−/− fibroblasts compared to wt cells [1]. The
explanation for this, was ascribed to lower oxidative stress
in p66Shc−/− cells compared to wt cells. In addition, it is
possible that NO plays a positive role in higher and faster
myogenic regeneration potential of p66Shc−/− mice and cells.
Indeed, NO mediates SC activation [31] and it is required for
myoblast fusion [32]. Since ROS rapidly react with NO,
generating nitrogen species, such as peroxynitrite [33], it is
conceivable that p66Shc deletion enhances nitric oxide bio-
availability [34], thus, favoring myogenic differentiation.

DMD is a genetic disease caused by deficiency of dystro-
phin, a critical component of theDGC, acting as a linkbetween
cytoskeleton and extracellular matrix in skeletal and cardiac
muscles [15, 16].Adirect consequenceof theDGC inefficiency
is muscle fragility, contraction-induced damage, necrosis,
reduced NO [35], oxidative stress, and inflammation.

In keeping, different preclinical studies in mdx mice
report benefits, that is, decreased necrosis and improved
muscle pathology, for many antioxidant drugs and interven-
tions [11].

Resveratrol, among others, is an antioxidant drug that
has a positive role on DMD [36]; interestingly, it is a potent
activator of sirtuin1 (SIRT1). Moreover, SIRT1 overexpres-
sion in muscle reverses the phenotype of mdx mice [37].

SIRT1 is a NAD+-dependent deacetylase that displays
antioxidant properties and enhances NO bioavailability [38].

Our recent report demonstrated that miR-200c targets
directly SIRT1 and also two important proteins that modu-
late NO production and ROS scavenger transcription, that
is, endothelial nitric oxide synthase (eNOS) and FOXO1.
Therefore, we showed that miR-200c upregulation decreases
NO, increases ROS production, and induces p66Shc protein
phosphorylation in Ser-36; this, in turn, induces ROS via dif-
ferent mechanisms, one of which is the inhibition of FOXO1
transcription of ROS scavengers, reinforcing this molecular
circuitry [10].

Taken together, these results suggest a pivotal role of
miR-200c in oxidative stress induction in DMD via a
p66Shc-dependent mechanism. miR-200c upregulation
might contribute to the establishment of the negative conse-
quences associated with this muscle disease, such as muscle
wasting, lack of muscle regeneration, necrosis, NO decrease,
and oxidative stress increase.

5. Conclusion

p66Shc phosphorylation in Ser-36 is increased in mdx mus-
cles, and miR-200c expression levels are upregulated both in
mdx muscles and in differentiated human myoblasts of
DMD.Although further experiments should be accomplished
in order to point to miR-200c as a therapeutic target, these
data strongly suggest its possible involvement inmuscle wast-
ing in DMD, through apoptosis and senescence induction, as
well as, by the induction of ROS and the decrease of NO.
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The aim of this study was to determine whether oxidative stress markers are influenced by low-intensity laser therapy (LLLT) in rats
subjected to a high-intensity resistive exercise session (RE). FemaleWistar rats divided into three experimental groups (Ctr: control,
4J: LLLT, and RE) and subdivided based on the sampling times (instantly or 24 h postexercise) underwent irradiation with LLLT
using three-point transcutaneous method on the hind legs, which was applied to the gastrocnemius muscle at the distal, medial,
and proximal points. Laser (4J) or placebo (device off) were carried out 60 sec prior to RE that consisted of four climbs bearing
the maximum load with a 2min time interval between each climb. Lipoperoxidation levels and antioxidant capacity were
obtained in muscle. Lipoperoxidation levels were increased (4-HNE and CL markers) instantly post-RE. LLLT prior to RE
avoided the increase of the lipid peroxidation levels. Similar results were also notified for oxidation protein assays. The GPx and
FRAP activities did not reduce instantly or 24 h after RE. SOD increased 24 h after RE, while CAT activity did not change with
RE or LLLT. In conclusion, LLLT prior to RE reduced the oxidative stress markers, as well as, avoided reduction, and still
increased the antioxidant capacity.

1. Introduction

Free radicals (FR) are molecules regularly produced by the
body, leading to tissue injury or toxic compounds to tissues,
and its accumulation results in tissue injury, DNA damage,
and cellular dysfunction [1, 2]. The FR are responsible for
damages caused by the oxidative stress and show accumula-
tive effects that might contribute to the development of

diseases such as diabetes, arteriosclerosis, and cancer [3, 4].
Physical exercise promotes the rise on the FR formation in
function of the increment on the oxygen intake. Nevertheless,
exercise training engenders adaptations able to unstiffen the
damaging effects triggered by FR [5].

The FR are naturally formed in organisms through oxida-
tive metabolic events, being extremely convenient as in con-
ditions where the stimulation of the immunologic system is
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mandatory (e.g., macrophages utilize the hydrogen peroxide
to destroy bacteria), in drug detoxification, and in the
production of nitric oxide, an endothelium-derived relaxing
factor imperative in processes that mediate the blood vessels
relaxation [6, 7]. An excess of FR has been implied as both
physiologically beneficial and pathologically harmful in the
body. The FR has been demonstrated to act as intracellular
signaling molecules for insulin signaling transduction in
healthy tissues, and FR produced during exercise is also
thought to play a key role in skeletal muscle adaptations asso-
ciated with exercise training [8, 9]. In contrast to this physi-
ologically beneficial FR, a chronic overproduction of FR
systemically in skeletal muscle promotes oxidative stress
and might contribute to the pathogenesis of type 2 diabetes
[10], aging [11], and cancer cachexia [12].

Several damages can raise the free radical production, in
which aerobic physical exercise shows to be a free radical
trigger linked to mitochondrial pathway mainly as a result
of increased oxygen consumption [13]. On the other hand,
resistance exercise evokes temporary blood flow reduction
between the concentric and eccentric stages of muscle
followed by perfusion reestablishment [14]. This intermittent
hypoxia/reperfusion is associated with ATP degradation,
xanthine oxidase activation, and a higher production of
oxygen-reactive species [15, 16]. In this regard, McBride
et al. reported an increased plasmatic malondialdehyde level
with 6 and 24 h after a single resistance exercise session [14].
Hudson et al. have shown higher levels of carbonylated pro-
tein at healthy men immediately and 60min postresistance
exercise [15]. Lastly, elevated levels of thiobarbituric acid
reactive substances, glutathione, and products of protein oxi-
dation were reported in healthy well-trained men with
10min postresistance exercise [16].

An excessive increase of the oxidative stress during mus-
cle work can cause damage to proteins and cellular dysfunc-
tion. Moreover, high-intensity exercises (e.g., upward of the
second ventilatory threshold) are marked by decompensated
metabolic acidosis and sarcolemma microinjury, which can
lead to inflammation and a burst of free radicals [17, 18].
The implication of these findings is a delayed postexercise
muscle recovery, hence, impairing the quality of training ses-
sions [19]. This is a key issue mainly during intense training
stages, in which the free radical burst can overcome the anti-
oxidant chemical and enzymatic protection [20] to maintain
redox homeostasis, inducing oxidative damages as observed
by Rietjens et al. and Cakir-Atabek et al. after a single resis-
tance exercise session in men [21, 22].

Several studies have reported beneficial effects of therapy
with antioxidant agents, including tocopherol (vitamin E)
and other antioxidants [13, 23]. There is a main interest for
new strategies as well as for the low-intensity laser therapy
(LLLT) [24]. The prior LLLT application to a run exercise
was suitable to reduce oxidative stress and muscle damage

in trained men [23]. It was shown that six weeks of LLLT
treatment was appropriate to mitigate the increased concen-
tration of thiobarbituric acid reactive substances in older rats
[25]. In another study, a reduced content of carbonylated
protein in the gastrocnemius muscle of the mdx mice with
muscular dystrophy that underwent LLLT irradiations prior
to a high-intensity exercise on a treadmill was reported
[26]. To our knowledge, no existing studies have evaluated
the repercussion of LLLT on the oxidative stress induced by
a bout of resistance exercise. Therefore, this study was
designed to determine if the levels of oxidative stress markers
are influenced by LLLT in rats subjected to a high-intensity
resistance exercise session.

2. Material and Methods

2.1. Animals and Experimental Design. Forty-eight female
Wistar rats (Rattus norvegicus Albinus), weighing 200–
250 g and aged 12 weeks, were obtained from the animal
facility of the Federal University of São Paulo, São Paulo,
SP, Brazil, and they were kept under controlled environments
of light and temperature, with full water and food (Nuvilab
CR-1; Global soluções para biotérios Inc., SP, BRA) access.
Based on rats’ availability in our animal’s facility, several pro-
tocols were performed using female rats that have been pub-
lished recently [27]. However, primarily, the same protocols
were performed using both sexes and significant difference
was not found between males and females in photobiomodu-
lation experiments. Moreover, in a translational view, the
landscape of female athletics has changed dramatically in
the past three decades, in which female athletic participation
in competitions has drastically increased worldwide [28].
The study protocol was approved by the Institutional
Research Ethics Committee (8868250615), and experimental
procedures were carried out in accordance with the guide-
lines stipulated by the Brazilian College of Animal Experi-
mentation and the International Council for Laboratory
Animal Science Standards. The rats were assigned for one
of the three experimental groups, with some animals allo-
cated per subgroup based on the sampling times (instantly
or 24 h postexercise). Thus, three groups were as follows:
Ctr, comprising rats that did not undergo resistance exercise
or LLLT application; RE, comprising rats that only under-
went a resistance exercise session. These rats were manipu-
lated in the same way as those in the LLLT group, but the
equipment was turned off; 4J, rats that were subjected to 4J
LLLT prior to a resistance exercise session. Experimental
timeline design is illustrated in Figure 1, in which the rats
were initially adapted to the act of climbing for three consec-
utive days and following (post-24 h) the maximum load test.
Then, the rats were kept at rest for 72 hours and randomized
to undergo or not LLLT prior resistance exercise. Finally, the

RE familiarization
(3 days)

Maximum
load test

Randomization
LLLT (yes/no)

Exercise
session

Tissue
collection

Tissue
collection

Rest
24 h

Rest
72 h

Rest
24 h

Figure 1: Timeline of experimental procedures.
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rats were euthanized for the removal of the gastrocnemius
muscle instantly or 24 h postexercise.

2.2. Resistance Exercise Protocol. Rats were familiar to climb a
ladder containing 54 vertical (slope: 80o) steps and a cage at
the top as previously described by Sanches et al. [29]. The
maximum load supported by the animal was determined as
follows: (i) a load of 75% of body weight was attached to
the rat’s tail base; (ii) an additional load of 15% of the body
weight was progressively attached to the tail in subsequent
climbs until the animal failed to complete the climb to the
top of the ladder. A 2min rest was given between each climb
attempt, and the load of the last complete climb was
established as a maximum load. Overall, three climbs were
required for the rats to reach maximum load. Resistance
exercise session was carried out 72h after maximum load
test, in which this was defined based on a pilot study. It was
observed that 72 h of rest between the maximal load test
and the resistance exercise session results in the return of
muscle injury markers (e.g., creatine kinase and lactic dehy-
drogenase) to the basal levels (data not shown). Resistance
exercise session comprised four climbs bearing the maxi-
mum load with a 2min time interval between each climb.

2.3. LLLT Protocol. A DMC Laser Photon III® model (São
Carlos, SP, Brazil) was used as LLLT device. The application
used the three-point transcutaneous method on the hind legs,
in which the gastrocnemius muscle was irradiated at the dis-
tal, medial, and proximal points. Laser or placebo procedure
(device off) was carried out 60 sec prior to resistance exercise.
The Ctr group experienced the same experimental conditions
that RE and 4J groups, but did not receive exercise or laser
intervention. The laser device was fixed with the following
parameters: wave length (830 nm); laser beam (0.028 cm2);
output power (100mW); power density (3.57W/cm2);
energy density (144J/cm2); total energy per point (4J); and
irradiation time per point (40 s). The irradiation parameters
were defined based on a previous study of our group (in per
review analysis in the Photochemistry and Photobiology
journal). It was observed that 4J irradiation attenuated mus-
cle injury and inflammation in rats subjected to a resistance
exercise session.

2.4. Physical Performance. The load, distance climbed, and
time spent to complete each repetition were recorded to eval-
uate physical performance as previously described for
rodents [30]. Thereby, the muscle work (MW) was calculated
as follows:

(i) MW (joules) =mgh (“m,” comprising the external
load fixed on the animal plus the body weight
expressed in kg; “g,” acceleration due to gravity;
“h,” climb distance expressed as meters). Results
are expressed as mean± standard error of mean to
four climbs.

(ii) Muscle power (MP)= J/s (“J,” represents the MW;
“s,” time to perform the climbs). Results were
obtained in milliwatts (mW) and presented for
each climb.

2.5. Euthanasia and Tissue Sample. At the end of each exper-
imental period (instantly and 24 h postexercise), the rats were
identified, weighed, and then euthanized by intraperitoneal
administration of urethane overdose (4.8 g kg−1, i.p.). Then,
the gastrocnemius muscles of the right hind paw were
quickly removed, rinsed in saline, and trimmed to remove
fat tissue and visible connective tissue. The sample was stored
at −80°C for further processing.

2.6. Lipid Peroxidation. The muscle was cut into small pieces
and homogenized in an Ultra-Turrax blender with 1 g of
tissue per 5mL of buffer (150mmol/L KCl; 20 nmol/L phos-
phate; pH7.4). The homogenates were centrifuged at 600g
for 10min (−2°C), and protein concentration was assessed
by the Lowry method. Lipid peroxidation was measured by
the tert-butyl hydroperoxide-initiated chemiluminescence
assay (CL), as it was previously described [31]. Moreover,
4-hydroxynonenal (4-HNE) expression was also used as a
lipid peroxidation marker.

2.7. Western Blot. We followed the methods of Manchini
et al. [32] andMelo et al. [33] for the muscle tissue processing
and for protein extraction. Protein samples (20μg) were
subjected to SDS-PAGE in 10–12% polyacrylamide gel. Sep-
arated proteins were transferred onto hydrophobic mem-
branes (Hybond-P, Amersham Biosciences; Piscataway, NJ,
USA), in which they were soaked in a blocking buffer (5%
nonfat dry milk and 0.1% Tween 20 in PBS, pH7.5) for
60min at room temperature and then incubated overnight
at 4°C with primary antibodies: rabbit anti-4-HNE (1 : 2000
dilution; Abcam, Cambridge, MA, USA); rabbit anti-SOD1
(1 : 5000 dilution; Abcam, Cambridge, MA, USA); rabbit
anti-CAT (1 : 5000 dilution; Abcam, Cambridge, USA); goat
anti-HSP70 (1 : 1000; Abcam, Cambridge, MA, USA); and
anti-GAPDH (1 : 500; Santa Cruz Biotechnology, Santa Cruz,
CA, USA). Then, membranes were washed five times and
incubated for 60min with horseradish peroxidase-
conjugated goat anti-rabbit and rabbit anti-goat secondary
antibodies (1 : 2000; Invitrogen, San Diego, CA, USA). Mem-
branes were washed five times again with blocking buffer and
then rinsed twice in PBS buffer. Bound antibody was detected
by using chemiluminescence reagent for 60 s. The bands were
imaged by using Amersham Imager 600 system (GE Health
Care, Little Chalfont, UK, USA).

2.8. Oxidized Protein Assay. Measurement of carbonyl
groups introduced into proteins by oxidative reactions was
evaluated in gastrocnemius muscle with Western blot detec-
tion Abcam kit ab178020 (Abcam, Cambridge, MA, USA).
An equal protein load (20μg) was used in all experimental
groups, and protein carbonyl groups were measured accord-
ing to the manufacturer’s instructions.

2.9. Antioxidant Enzymes. Superoxide dismutase (SOD)
activity was evaluated by the inhibition of the reaction
between peroxide anion and pyrogallol, and catalase (CAT)
activity was assessed by measuring the decrease in H2O2
absorbance at 240nm [34]. Glutathione peroxidase (GPx)
activity was determined by adding to the assay a mixture of
1U/mL glutathione reductase and 2mmol/L glutathione in
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1mL phosphate buffer. Homogenates were preincubated at
37°C for 30 minutes, NADPH and tert-butyl hydroperoxide
were added, and the alteration in absorbance at 340nm was
recorded to calculate GPx activity [35].

2.10. Ferric Reduction Ability Power (FRAP). The FRAP assay
was applied in the analyses of the total antioxidant capacity of
gastrocnemius muscle as adapted from elsewhere [36].
Homogenates tissue proteins were reacted with FRAP
solution for 10min (37°C), and sample absorbance was
evaluated at 593nm. Deionized water and Trolox (6-
hydroxy-2,5,8-tetramethylchroman-2-carboxylic acid) were
used as blank and standard, respectively. Absorbance read-
ings at 593nm were taken after 0.5 s and every 15 s thereafter
during the monitoring period.

2.11. Statistical Analysis.Data were analyzed using GraphPad
Prism software 5.0 (La Jolla, CA, USA). Kolmogorov-
Smirnov and Levene tests were applied to verify normality
and variance equality of data, respectively. Mann–Whitney
test was carried in the analyses of physical performance.
Two-way regular ANOVA and Bonferroni post hoc tests
were applied to evaluate oxidative stress data. Kruskal-
Wallis followed by Dunn’s multiple comparison tests was
applied to nonnormality data. Statistical significance was set
at p≤ 0.05. Data are expressed as mean± standard error of
the mean.

3. Results

A positive effect of LLLT was not identified onmuscle perfor-
mance. Thus, there were no significant differences among the
experimental groups for total muscle work and muscle power
in each climb session (Figure 2).

Lipoperoxidation muscle parameters are shown in
Figure 3. As evaluated by CL and 4-HNE expression, there
was an elevated lipoperoxidation level post-RE. Both markers
indicate a more evident lipoperoxidation increase instantly
after exercise, in which LLLT resulted in similar peroxidation

levels between 4J and Ctr groups. Exercised rats showed a
significant increase in gastrocnemius muscle global protein
carbonylation (for both time evaluation (Figure 3(c)). Exer-
cise rats who were previously subjected to LLLT were
protected from the increase in global protein carbonylation
caused by RE, in which a more pronounced effect was
observed 24 hours postexercise.

Regarding antioxidant enzymes, protein expression of
SOD, CAT, and HSP70 was not affected by RE or LLLT at
any time of analysis (Figure 4).

On the other hand, a higher SOD activity 24 h postexer-
cise has been reported in animals submitted to LLLT
(Figure 5). There was no difference in CAT activity between
conditions (Ctr versus RE versus 4J) or time (instant versus
24 h). However, a decrease in GPx activity was observed in
the RE group compared with Ctr group, in which LLLT has
normalized GPx activity in the 4J group to similar levels of
the control group in analyses carried out instantly postexer-
cise. In addition, the evaluation of FRAP was significantly
increased instantly postexercise in the 4J group.

4. Discussion

There are studies involving animals and humans that show
beneficial effects of LLLT on muscle damage and oxidative
stress induced by aerobic exercise [23, 24, 26]. However,
LLLT repercussion on oxidative stress evoked by RE is still
unclear. Thus, our main findings were that oxidative stress
and antioxidant capacity after a RE were modulated by the
prior LLLT application. The LLLT reduced the oxidative
stress and did not only avoid the reductions in antioxidant
capacity but increased them.

A controversial issue is whether the LLLT can improve
the physical performance. Leal Junior et al. have noticed a
higher force peak in anterior tibial muscles of rats subjected
to 1 and 3 J LLLT prior muscle fatigue linked to neuromuscu-
lar electrical stimulation [37]. On the other hand, Baroni
et al. did not observe differences in eccentric peak torque in
subjects submitted to LLLT before performing 75 maximal
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knee extensor eccentric contractions compared to the nonir-
radiated group [38]. Similarly, it was demonstrated by our
results that rats irradiated with 4J energy did not show
improved performance, as evaluated by muscle work and
muscle power compared to nonirradiated rats.

Our resistance exercise protocol was suitable to increase
oxidative stress as assessed by lipoperoxidation levels in mus-
cle, corroborating previous data about resistance exercise
[14–17, 22]. A decreased oxidative stress in muscles irradi-
ated with 4J energy demonstrates to be of interest, in which
more positive results were noticed for analyses of lipid
peroxidation performed immediately after RE bout. More-
over, 4J rats exhibited protein oxidation levels similar to the
Ctr group. These findings extend previous studies showing
an antioxidant effect of LLLT when applied prior to aerobic
exercise, as a progressive-intensity running protocol in
humans and forced high-intensity treadmill in rats [23, 26].
An important aspect has been reported for our 24 postexer-
cise findings. While the tert-butyl hydroperoxide-initiated
chemiluminescence indicated lower lipid peroxidation in

the nonirradiated exercised rats, the expression of 4-HNE
indicated otherwise. The reasons for these findings are
unclear, but may be associated with measurement methods.
Some of these findings may be associated with a nonsingular
stability of lipid hydroperoxides over time among experi-
mental groups, which also makes it difficult to analyze lipid
peroxidation. This chronicity of the process has relevant
implications for measurement, in which hydroperoxides are
unstable and extensive oxidation of a lipid can occur without
a follow-up on the buildup in hydroperoxides [39]. Thus,
changes in the mechanism of peroxide decomposition might
change the amount generated without a lower lipid peroxida-
tion rate in the RE rats as seen in the chemiluminescence
assay. Therefore, we have applied two methods to confirm
our findings of lipoperoxidation (i.e., CL and 4-HNE). This
route corroborates that two or more different assay methods
should be used to evaluate lipid peroxidation [40].

We have extended these analyses to determine whether a
lower oxidative stress induced by the LLLT could also be
associated with modulation of protein oxidation. Elevated
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Figure 5: Enzymatic activity of (a) superoxide dismutase (SOD), (b) catalase (CAT), and (c) glutathione peroxidase (GPx) in gastrocnemius
muscle in control rats (Ctr), rats that only underwent a resistance exercise session (RE), and rats that were submitted to 4J LLLT irradiations
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shown inside the bars.

6 Oxidative Medicine and Cellular Longevity



cellular oxidants can result in posttranslational changes of
proteins that can affect muscle function [41]. In fact, a high
concentration of carbonyl derivates in gastrocnemius muscle
was observed in the nonirradiated rats, mainly in later analy-
ses (i.e., 24 h postexercise).

Reactive oxygen species (e.g., superoxide anions and
hydroxyl radicals) cause the oxidation of membrane phos-
pholipids, proteins, and DNA that has been implicated in
several physiological disturbances. The adverse effects of an
increase in free radicals can be countered by antioxidant
enzymes, such as SOD, GPx, and CAT, and by nonenzymatic
antioxidants [25]. In our case, antioxidant capacity instantly
postexercise (i.e., GPx activity and FRAP) has been reduced
in RE rats, but it was not observed when the LLLT was car-
ried out. Moreover, there was an increased antioxidant
SOD enzyme activity 24 h postexercise in 4J group when
compared with the Ctr group. These results are in line with
the findings of other studies showing that LLLT may modu-
late the antioxidant capacity [42, 43]. In this sense, the exper-
imental results of the present study suggest that LLLT applied
prior to resistance exercise session can increase the protec-
tion of the cells against oxidative stress induced by exercise.
It could delay the impairments of muscle contractility that
leads to fatigue [44] and hence contribute to the quality of
training program. It should be noted that the CAT activity
did not suffer any change with RE or LLLT. Our data
agree with a study in which an acute exercise or LLLT
[23] was not capable of modulating CAT activity. On the
other hand, our data disagree that CAT activity may be
reduced after a RE in women [45]. Therefore, the CAT activ-
ity affected by the RE remains controversial, and further
studies should be performed.

Although the antioxidant enzyme activities have been
changed by RE and LLLT, there were no significant changes
in the protein expression. A null action of LLLT in the anti-
oxidant protein expression is not a novelty. It has been dem-
onstrated that LLLT does not alter SOD expression in
subjects subjected to running [23]. Based on these findings,
it may be proposed that LLLT modulate disruption of the
physiological balance between the oxidant and antioxidant
enzymes in exercised muscle, most likely by favoring
increased enzymatic activity. In this context, the data from
this study suggest that a comprehensive analysis of antioxi-
dant enzymes should contain their expression as well as
activity. Lastly, studies are showing that photobiomodulation
can improve mitochondrial function and mitigate FR gener-
ated during exercise training [46]. Therefore, the mitochon-
drial function shows to be a key target, in which the role of
photobiomodulation in altering the generation of FR induced
by resistance exercise shows to be a goal to be investigated.

A major issue is that the increase in oxidative stress
shows to be a common physiological process induced by
resistance exercise. Regarding this, our LLLT-induced oxida-
tive stress inhibition findings may fall into the debate
whether antioxidant treatment could attenuate or eliminate
exercise-induced adaptive response in skeletal muscle [47].
Although some researchers have not reported ablation of
beneficial exercise role with an antioxidant treatment [48],
it was demonstrated that giving antioxidant (e.g., vitamin

C) the whole adaptive response was knocked out [49].
Consequently, the impact of the LLLT-induced oxidative
stress prevention in important physiological process as
exercise-induced adaptation (e.g., muscle hypertrophy)
shows to be investigated.

In conclusion, LLLT prevented the increase of oxidative
stress markers in the rats’ gastrocnemius muscle subjected
to a high-intensity resistance exercise session. The 4J energy
irradiation was associated with improvement in the antioxi-
dant defense linked to higher SOD and GPx activities (24 h
and instantly postexercise, resp.). Moreover, a significant dif-
ference was found in muscle FRAP between RE and 4J rats
instantly postexercise, indicating that a nonenzymatic total
antioxidant capacity was preserved with LLLT. The ascor-
bic acid, α-tocopherol, proteins, and bilirubin are the main
contributors to FRAP of plasma, detected by the FRAP
assay [36, 50]. Thus, the data suggest that LLLT modifies
the concentration of these antioxidant molecules in the exer-
cise muscle. Overall, these results indicate that LLLT could be
an important approach to counteract the supraphysiological
production of reactive oxygen species during RE.
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Previous studies have demonstrated the physiological changes induced by exercise exposure in hot environments. We investigated
the hematological and oxidative changes and tissue damage induced by marathon race in different thermal conditions. Twenty-six
male runners completed the São Paulo International Marathon both in hot environment (HE) and in temperate environment (TE).
Blood and urine samples were collected 1 day before, immediately after, 1 day after, and 3 days after the marathon to analyze the
hematological parameters, electrolytes, markers of tissue damage, and oxidative status. In both environments, the marathon race
promotes fluid and electrolyte imbalance, hemolysis, oxidative stress, immune activation, and tissue damage. The marathon
runner’s performance was approximately 13.5% lower in HE compared to TE; however, in HE, our results demonstrated more
pronounced fluid and electrolyte imbalance, renal damage, hemolysis, and immune activation. Moreover, oxidative stress
induced by marathon in HE is presumed to be related to protein/purine oxidation instead of other oxidative sources. Fluid and
electrolyte imbalance and protein/purine oxidation may be important factors responsible for hemolysis, renal damage, immune
activation, and impaired performance after long-term exercise in HE. Nonetheless, we suggested that the impairment on
performance in HE was not associated to the muscle damage and lipoperoxidation.

1. Introduction

Thermoregulation processes maintain the body temperature
in a physiological range despite elevated metabolic rates and
exposure to hot environments (>30°C); however, marathon
running performance decreased by 2–10% approximately
as the wet bulb globe temperature (WBGT) increased from
10 to 25°C [1]. The air temperature is the chief weather
parameter that correlates to completing the time anomaly
and percentage of runners who do not complete the mara-
thon race [2].

Previous studies have demonstrated the physiological
changes induced by exercise exposure in hot environments
[3, 4]; however, the mechanisms involved in the impaired

aerobic exercise performance in warm–hot conditions
remain unclear [3–5]. Hypohydration (body water deficit of
>2% of body mass) caused by excessive sweat loss begins to
impair the aerobic performance when the skin temperatures
exceed 27°C and has pronounced influence on impairing the
aerobic performance in warm–hot environments [3, 4].

However, the impairment of performance induced by
prolonged exercise in hot environments, with or without
dehydration (>2% body mass), is associated to one or
more alterations in the hematological parameters, redox
balance, tissue damage, skeletal muscle metabolism, and
cardiovascular system [5].

Endurance exercise in hot environment induces pro-
nounced catecholamine and cortisol, with proinflammatory
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and compensatory anti-inflammatory responses, which may
influence the tissue damage [6–8]. The environmental
heat stress also promotes blood flow and oxygen limita-
tions to the skeletal muscle implicating the impairment
of VO2max modifying oxygen metabolism and oxidative
stress [5].

Oxidative stress is caused by an imbalance between
the generation of reactive oxygen species (ROS) and their
clearance by the antioxidant defense system. Endogenous
sources of ROS include the mitochondrial respiratory
chain, peroxisomes, NADPH oxidase, hemoglobin, myo-
globin, and catecholamine autoxidation during exercise
[9]. The excessive production of ROS in the hot environ-
ment may lead to the oxidative damage of macromole-
cules, immune dysfunction, and muscle damage. Recently,
Mrakic-Sposta et al. [10] demonstrated that endurance
exercise induced oxidative stress following transient renal
impairment and inflammation; however, in humans, the
evidence for oxidative stress-mediated tissue damage follow-
ing exercise remains unclear [9, 11, 12].

This study aimed to investigate the hematological and
oxidative changes and tissue damage induced by the mara-
thon race on amateur runners in different thermal conditions:
hot and temperate environment. The combination of heat
and endurance exercise could promote pronounced physio-
logical response and influence the athletic performance
and disease risk.

2. Methods

2.1. Subjects. Twenty-six Brazilian male endurance runners
participated in this study. Volunteers were recruited by
e-mail provided by the São Paulo International Marathon
Organization (2014 and 2015). After the screening history
and medical examination, 71 runners were recruited for
the São Paulo International Marathon 2014 (October 19)
and 80 runners were recruited for the São Paulo International
Marathon 2015 (May 17); however, 26 runners completed
both the São Paulo International Marathon 2014 and
2015 and were included in this study. We followed similar
experimental procedures and design including the period
of blood collection and cardiopulmonary protocol as that
of Santos et al. [13].

The exclusion criteria included the use of medication for
cardiac, metabolic, pulmonary, or kidney injury and use of
alcohol or any kind of drugs and pathologies including
systemic arterial hypertension and liver, kidney, metabolic,
inflammatory and neoplastic diseases. Subjects were briefed
regarding the experimental procedures and the possible risks,
and they gave their informed consent before participating,
which was approved by the Ethics Committee of Dante
Pazzanese Institute of Cardiology, Brazil (permit number:
979/2010), in accordance with the Declaration of Helsinki.
Measurements of total body mass (kg), height (cm), and
body mass index (BMI, kg/m2) were conducted according
to the International Society for the Advancement of
Kinanthropometry, and the values were expressed as the
mean± standard error of mean (SEM).

2.2. Cardiopulmonary Test.Anthropometric parameters were
evaluated, and cardiopulmonary exercise test was performed
in the same acclimatized room at 21–23°C and 50% relative
humidity, 3–21 days before the São Paulo International
Marathon 2014 (September 25 to October 16) and 2015
(April 16 to May 14). Functional capacity was assessed by
means of cardiopulmonary exercise test (CPET) with expired
gas analysis, performed on a treadmill (TEB Apex 200, TEB,
São Paulo, Brazil, speed 0–24 km/h, grade 0–35%). A proto-
col was used, with a starting speed of 8 km/h and grade of
1%; speed was gradually increased by 1 km/h every 1min.
The objective was to achieve fatigue within 8–12min. Blood
pressure was measured with a sphygmomanometer at the
commencement of the test. Respiratory gas analysis was
performed by the Ergostik (Geratherm, Bad Kissingen,
Germany) in breath-by-breath mode.

Tests were considered maximum when at least three
of these features were achieved: limiting symptoms/
intense physical fatigue, increase in VO2 lower than
2.1mL·kg−1·min−1 through an increase in speed, attained
maximal heart rate, or respiratory quotient higher than 1.1.

2.3. Marathon Races. Both races were commenced at 08:00
a.m. and fluid ingestion was allowed ad libitum during the
race. Water was provided at every 2-3 km on the running
course, sports drinks at 18 and 36 km, and potato or carbohy-
drate gel at 30 km. The weather parameters at São Paulo
International Marathon in 2014 (HE) between 8 a.m. to
2 p.m. were average temperature of 31.4°C, maximum
temperature of 35°C, and minimum temperature of 25.8°C;
and average relative humidity of 30.4%, maximum relative
humidity of 51%, and minimum relative humidity of 26%
(National Institute of Meteorology, Ministry of Agriculture,
Livestock, and Supply). The weather parameters at the São
Paulo International Marathon in 2015 (TE) between 8 a.m.
and 2 p.m. were average temperature of 19.8°C, maxi-
mum temperature of 22.6°C, and minimum temperature of
16.7°C; and average relative humidity of 72.8%, maximum
relative humidity of 86%, and minimum relative humidity
of 61% (National Institute of Meteorology, Ministry of
Agriculture, Livestock, and Supply). The air quality in
the São Paulo International Marathon 2014 was evaluated
as low for sulfur dioxide (8.5μg/m3), nitrogen dioxide
(9.9μg/mm3), and carbon monoxide (6 ppm) and moder-
ate for particulate matter 10 (44μg/m3); whereas, in the
São Paulo International Marathon 2015, it was evaluated
as low for sulfur oxide (7μg/m3), nitrogen dioxide
(4.3μg/mm3), carbon monoxide (1.6 ppm), and particulate
matter 10 (19μg/m3).

2.4. Blood Collection. Blood samples (30mL) were collected
in vacuum tubes containing an anticoagulant (0.004%
EDTA) 24h before, immediately after, 1 day after, and 3 days
after the São Paulo International Marathon in 2014 and
2015. Simultaneously, urine samples were also collected.
Biochemical analyses were subsequently performed at the
Institute of Physical Activity Sciences and Sports of Cruzeiro
do Sul University and at the Clinical Laboratory of Dante
Pazzanese Institute of Cardiology. After centrifugation,
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plasma was aliquoted, frozen, and stored at −80°C for
later analysis.

2.5. Biochemical Parameters. The biochemical parameters
were evaluated with routine-automated methodology in the
Clinical Laboratory of Dante Pazzanese Institute of Cardiol-
ogy immediately after collection. Plasma calcium, magne-
sium, iron, and bilirubin were performed by colorimetric
method; creatinine, C-reactive protein, alanine transaminase,
aspartate transaminase, gamma-glutamyl transferase, lactic
dehydrogenase, and creatine kinase were determined by
kinetic assay; immunological and hematological parameters
(hemoglobin, hematocrit, red blood cell distribution width,
mean corpuscular volume, mean corpuscular hemoglobin,
mean corpuscular hemoglobin concentration, leukocytes,
lymphocytes, monocytes, neutrophils, and eosinophils) were
assessed by cytochemical/isovolumetric method; ferritin,
troponin, proBNP, myoglobin, and creatine kinase-MB were
evaluated by chemiluminescence assay; density urine and pH
urine were determined by cytometry; and transferrin and
alpha-glycoprotein acid were assessed by immunoturbidime-
try. Eventually, sodium and potassium were determined by
potentiometric ion-selective electrodes.

2.6. Determination of Blood Levels for TBARs. For TBAR
determination, a slightly modified assay was used [14].
Plasma was mixed thoroughly with butylated hydroxytolu-
ene (BHT, 2%) and trifluoroacetic acid (10%) (4 : 1 : 4) and
incubated for 10min at 4°C; 1,1,3,3-tetramethoxypropane
(10−1mM) was used as a positive control. The samples were
centrifuged for 15min at 8000 g. Thereafter, the supernatant
was collected and mixed with HCl (25%) and thiobarbituric
acid (TBA 1%, dissolved in NaOH 0.05M) (2 : 1 : 2). The
reaction mixture was incubated at 100°C for 30min, and
the absorbance of the supernatant was recorded at 535 nm
(SpectraMax Plus, Molecular Devices). A baseline absor-
bance was considered by running a blank along with all
samples during the measurement. The TBAR concentration
was calculated using the molar extinction coefficient of
malondialdehyde (1.56× 105).

2.7. Superoxide Dismutase 3 Assay. Superoxide dismutase 3
activity was determined by kinetic colorimetric assay on
plasma in accordance with the manufacture’s protocol (Enzo
Life Sciences, NY, USA). The samples and standards were
homogenized to SOD Master Mix and xanthine solution
was mixed to initiate the reaction. The absorbance readings
were recorded at 450 nm at every minute for 10min at room
temperature after 10 s orbital shake prior to the initial read
(SpectraMax Plus, Molecular Devices). The slope curve
was obtained for each sample and calculated based on
the standard curve with sensitivity of 0.1–10U/L.

2.8. Catalase Activity Assay. Catalase activity was determined
according to a slightly modified assay [15]. Briefly, 5μL of
plasma samples were added to 200μL of a dH2O and H2O2
reagent solution (1 : 1000). The absorbance reading of the
samples was recorded at 240nm for 180 s with 30 s intervals
at room temperature (SpectraMax 190 Plus, Molecular
Devices). The catalase activity calculation was based on the

molar extinction coefficient of H2O2 using an equation:
(Δ absorbance/0.0218/mg protein).

2.9. Uric Acid Assay. Plasma uric acid was evaluated by
enzymatic colorimetric assay and kinetic colorimetric assay
in accordance with the manufacture’s protocol (Bioclin,
MG, Brazil). Standard (6mg/dL) and plasma samples were
mixed with the enzyme reagents and were incubated at
37°C for 5min. The absorbance readings were recorded at
505 nm (490–540nm), hitting the zero with the blank
(SpectraMax Plus, Molecular Devices). The intensity of the
cherry color formed is directly proportional to the con-
centration of the uric acid in the sample. The uric acid
concentration was calculated by the following formula:
6mg/dL× (sample absorbance/standard absorbance).

2.10. Statistical Analyses. Statistical analyses were performed
using the Statistical Package for the Social Sciences (IBM
SPSS Statistics for Mac, Version 24.0. Armonk, NY, USA).
The normality of the data distribution was determined by
the Kolmogorov–Smirnov test and rejects the normality. To
compare the general and training characteristics in hot and
temperate environment, we performed the paired t-test
(Wilcoxon test). Differences between the steps (before,
immediately after, 1 day after, and 3 days after the race) in
the hot and temperate environment were tested for signifi-
cance with the Friedman test with repeated measures and
Müller–Dunn’s posttest. Spearman correlation was per-
formed to identify the coefficient correlation between the
variables using absolute values and relative changes (Δ) com-
pared to baseline levels. Statistical significance was assumed
at p value< 0.05.

3. Results

3.1. Sports Performance and Heat Acclimation. The demo-
graphic characteristics of the runners and environment
parameters are presented in Table 1. Twenty-six athletes
finished the São Paulo International Marathon race in the
hot environment (HE, mean 31.4°C, humidity 34.3%) and
in the temperate environment (TE, mean 19.8°C, humidity
72.8%). The temperature was higher during the 10 days
before the race in HE compared to TE, suggesting possible
conditions for acclimatization. The training volume, exhaus-
tion speed, time of exhaustion, anaerobic threshold speed,
and respiratory compensation point speed after cardiopul-
monary test did not differ from 3 to 21 days before the race
in 2014 (HE) and 2015 (TE; Table 1). The peak consumption
of oxygen (VO2peak) was higher in 2014 (HE) compared to
2015 (TE); however, the marathon runner’s performance
during the race was lower by approximately 13.5%, in
accordance with the race time and race pace, in HE compared
to TE (Table 1).

3.2. Markers of Fluid, Electrolyte Balance, and Kidney
Damage. At rest, before the race, we observed that plasma
magnesium, sodium concentration, osmolality, and pH urine
were greater and plasma potassium and calcium levels
were lower for HE indicating fluid and electrolyte imbal-
ance during precompetition (Table 2). The creatinine level
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also was lower for the HE environment (Table 2). The
race time was negatively correlated with urea levels in
HE (r = 0 5, p < 0 01).

In both weathers, marathon race reduces the plasma
magnesium concentration (by 20%) and increases the
osmolality (by 1.7% to 4%), plasma sodium (by 1% to
3.5%), urea (by 22% to 26%), creatinine (by 50% to 55%),
urine density (<1%), hematuria (by 23-fold), and urine
WBC (by 6.6-fold), suggesting fluid and electrolyte imbal-
ance and kidney damage. The weight loss was also found to
be similar in both 2014 and 2015 marathons (1.8± 0.2 kg
and 2± 0.2 kg in HE and TE, resp.). The osmolality, plasma
sodium, and calcium levels were altered 3 days after the race
in both the thermal conditions. Moreover, the marathon
during HE also promoted elevation of the plasma potassium
(by 15%), urine cylinders, and a pronounced physiological
response on the osmolality, sodium levels, density urine,
urea, hematuria, and urine WBC (Table 2), suggesting
exacerbated fluid and electrolyte imbalance, dehydration,
and kidney damage in HE. The proteinuria was observed
1 day after the race in HE and 3 days after the race in
TE; however, 1 day after the marathon race, creatinine
was elevated (by 6%) in TE compared to HE (Table 2).

3.3. Markers of Oxidative Damage in the Peripheral Blood.
Plasma superoxide dismutase 3 (SOD3) activity and TBARs
were lower in HE before and in the recovery period com-
pared to TE. Moreover, we observed a higher catalase activity
in HE; however, it was not significant (Table 3). Plasma uric

acid and SOD3 activity elevated immediately after the race
only in HE. We observed an increase in the TBAR levels
immediately after the race in both climates. Three days after
the marathon, TBARs and SOD3 activity returned to the
baseline levels in both climates. We did not observe any sig-
nificant alterations in the CAT values in both environments.

3.4. Hematological Markers. In both the thermal conditions,
erythrocytes, hemoglobin, and hematocrit values reduced
after the race and maintained altered 3 days after the race
indicating hemolysis and/or hemodilution. In TE, the
MCV, MCH, MCHC, and RDW values increased after the
race as a consequence of fluid and electrolyte imbalance. In
HE, the hemoglobin was higher compared to TE by 3-4%
after the race; and the MCV, MCH, MCHC, and RDW values
were greater in all periods evaluated compared to TE 1 day
after the race (by approximately 1%, 3%, 3%, and 16%,
resp.; Table 4).

In HE, we observed correlation between race time and
erythrocytes, Hb and Ht, (r=0.45, 0.49, 0.47, 0.47, and
0.57, resp., p < 0 01) 1 day after the race. In TE, race time
was correlated to unconjugated bilirubin only. In addition,
race time was correlated to erythrocytes and Ht-relative
changes (Δ) 1 day after the race in HE (r=0.44 and 0.4,
resp., p < 0 05).

After the race, we also demonstrated an increase in the
erythropoietin levels (by 16–18%) in both weathers; how-
ever, HE promotes a pronounced and earlier response in
the erythropoietin levels (Table 4).

3.5. Iron Metabolism Markers. Before competition, we
observed higher ferritin and transferrin levels (by 17% and
9%, resp.) and lower transferrin saturation (by 8%) in HE.
In the recovery period, transferrin remained higher in HE
compared to TE (Table 5).

Immediately after the race, we observed an increase in
ferritin (by 13% to 23%) and unconjugated and conjugated
bilirubin (by 25 to 40%) in both weathers. However, 3 days
after the race, we demonstrated a decrease in the iron (by
8% to 25%) and transferrin levels (by approximately 5%) in
both weathers, contributing to hemolysis hypothesis after
the race. Moreover, HE promoted an elevation in the iron
levels 1 day after the race and a reduction in the ferritin level
and transferrin saturation 3 days after the race. However, we
observed a higher response for the total and unconjugated
bilirubin levels in the TE environment as a result of
pronounced muscle damage and myoglobin degradation
due to higher exercise intensity (Table 5).

3.6. Immunological Markers.We observed an elevation in the
leukocytes, neutrophils, and monocytes (by approximately
2.5-fold, 3.5-fold, and 1.5-fold, resp.) and a decrease in the
lymphocytes after the race by 40%, suggesting exacerbated
immune activation after competition. In HE, the lymphocyte
and leukocyte alterations were more pronounced 1 day after
the race. In the recovery period, 3 days after the race, lym-
phocytes maintained altered in both weathers, even as leuko-
cytes and eosinophils in TE (Table 6). The eosinophil count
decreased after the race only in TE. In HE, the eosinophil

Table 1: General and training characteristics of the marathon
runners and environment parameters in the hot and temperate
environment.

Hot
environment

Temperate
environment

Age (years) 42± 2 43± 2
Height (m) 1.73± 0.01 1.73± 0.01
Body mass (kg) 75± 2 75± 2
BMI (kg/m2) 25.2± 0.2 25.1± 0.2
Training experience (years) 6.11± 0.22 6.69± 0.80
Training volume (km/week) 55.2± 3.2 52.03± 2.39
Time of exhaustion (min) 10.9± 0.4 11.1± 0.5
VO2peak (mL·kg−1·min−1) 58.6± 1.2∗ 54.6± 1.2
Exhaustion speed (km/h) 18.3± 0.3 18.4± 0.3
AT speed (km/h) 9.3± 0.2 9.3± 0.2
RCP speed (km/h) 16.6± 0.4 16.5± 0.5
Race time (min) 276± 8∗ 243± 11
Race pace (min/km) 6.54± 0.18∗ 5.75± 0.26
Temperature (°C) 10 days
before the race

23.4± 0.6∗ 16.3± 0.2

Temperature (°C) at race 31.4± 0.6∗ 19.8± 0.2
Humidity at race (%) 30.4± 7.7∗ 72.8± 7.2
BMI: body mass index; AT: anaerobic threshold; RCP: respiratory
compensation point; VO2peak: peak consumption of oxygen. The values
presented are the mean ± standard error of mean (SEM) of 26 runners.
∗p < 0 05 for comparison between hot and temperate environment.
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count was lower before the race and elevated immediately
after the race compared to TE (Table 6).

3.7. Muscle Damage Markers and Inflammatory Parameters.
In HE, the CRP level and LDH, AST, and ALT activities
were lower before and after the race (by approximately

50%) compared to TE and GGT was higher before the
race compared to TE. In both weathers, the inflammatory
markers, CRP and α-1GPA, lactate, and the muscle dam-
age markers, myoglobin, CK, LDH, AST, and ALT
increased after the race (by 3 to 4-fold, 1-fold, 2-fold, 5
to 8-fold, 1.8-fold, 23-fold, 2.5-fold, and 1.5-fold, resp.)

Table 2: Fluid, electrolyte balance, and renal function after the marathon race in the temperate and hot environment.

Reference values Before Immediately after 1 day after 3 days after

Sodium (mMol/L) 137–145

HE 142± 0.4## 147± 0.5∗∗## 142± 0.4# 143± 0.3∗#

TE 139± 0.3 140± 0.4 140± 0.3∗ 141± 0.3∗∗

Magnesium (mg/dL) 1.7–2.5

HE 2.5± 0.04# 2± 0.05∗∗# 2.2± 0.03∗∗ 2.4± 0.03∗#

TE 2.3± 0.1 1.9± 0.1∗∗ 2.2± 0.1∗ 2.3± 0.1
Osmol (mOsm/L) 275–295

HE 296± 1## 309± 1∗∗## 298± 1∗∗## 297± 1##

TE 289± 1 294± 1∗∗ 293± 1∗∗ 293± 1∗∗

Potassium (mMol/L) 3.5–5.6

HE 3.9± 0.05## 4.5± 0.1∗∗ 4.4± 0.1∗∗ 4.3± 0.1∗∗#

TE 4.5± 0.05 4.4± 0.1 4.5± 0.1 4.5± 0.1
Calcium (mg/dL) 8.4–11

HE 9.3± 0.1## 9.3± 0.1## 9.1± 0.1## 8.9± 0.1∗##

TE 9.6± 0.1 9.8± 0.1∗ 9.6± 0.1 9.5± 0.1∗

Creatinine (mg/dL) 0.7–1.3

HE 0.9± 0.02## 1.4± 0.05∗∗# 1± 0.03∗ 0.9± 0.02#

TE 1± 0.02 1.5± 0.1∗∗ 1± 0.03 1± 0.03
Urea (mg/dL) <40

HE 40± 1 49± 2∗∗ 49± 2∗∗# 38± 1#

TE 38± 1 48± 1∗∗ 46± 2∗∗ 35± 2
UD (kg/m3) 1005–1030

HE 1019± 2 1025± 1∗# 1022± 1# 1021± 2#

TE 1016± 1 1019± 1∗ 1013± 1∗ 1014± 1
Urine pH 5-6

HE 6± 0.1# 6± 0.1## 6± 0.1## 6± 0.1#

TE 6± 0.2 5± 0.1∗ 5± 0.1 6± 0.1∗

Urine WBC (cell/mL) 0–10,000

HE 1638± 314 10,828± 2170∗∗# 4589± 569∗∗# 2778± 755
TE 2310± 598 4828± 1185∗ 2071± 230 2250± 444

Hematuria (cell/mL) 0–10,000

HE 3259± 1539 76,017± 36,939∗∗ 3679± 736# 4259± 1409#

TE 1241± 146 44,241± 13,538∗ 4679± 2070 2500± 878
Urine cylinders (units/mL) 0

HE 0± 0 463± 144∗# 0± 0 0± 0
TE 69± 48 35± 35 107± 79 0± 0

Proteinuria (mg/dL) 0

HE 3± 2 9± 5 1± 1# 0± 0
TE 3± 2 1± 1 7± 3 2± 2

WBC: white blood cells; UD: urine density; Osmol: osmolality; HE: hot environment; TE: temperate environment. The values presented are the
mean ± standard error of mean (SEM) of 26 runners. ∗p < 0 05 versus before race; ∗∗p < 0 0001 versus before race; #p < 0 05; and ##p < 0 0001 versus
temperate environment.
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Table 3: Redox status after marathon race in temperate and hot environment.

Before Immediately after 1 day after 3 days after

Uric acid (mg/dL)

HE 5.4± 0.1 6.6± 0.3∗∗ 5.7± 0.2 5.6± 0.3
TE 5.9± 0.2 6.3± 0.2 6.1± 0.2 6.1± 0.3

SOD3 (U/mL)

HE 2.6± 0.2# 3.2± 0.4∗ 2.4± 0.3## 2.6± 0.2#

TE 3.3± 0.1 3.1± 0.1 3.7± 0.5 3.1± 0.2
TBARs (nMol/mL)

HE 2.4± 0.05# 4.1± 0.01∗∗# 3.2± 0.05∗# 2.6± 0.2#

TE 3.1± 0.2 4.6± 0.1∗∗ 3.9± 0.1∗ 3.3± 0.02
CAT (U/mL)

HE 87.9± 8 63.2± 9 70.5± 8 73.7± 8
TE 72.8± 9 49.0± 5 49.8± 6 59.2± 5

SOD: superoxide dismutase; CAT: catalase; TBARs: thiobarbituric acid reactive substances; HE: hot environment; TE: temperate environment. The values
are presented as mean ± standard error of mean (SEM) of 26 runners. ∗p < 0 05 versus before the race; ∗∗p < 0 0001 versus before the race; #p < 0 05; and
##p < 0 0001 versus temperate environment.

Table 4: Hematological parameters after the marathon race in the temperate and hot environments.

Reference value Before Immediately after 1 day after 3 days after

Erythrocytes (10^6/mm3) 4.5–5.5

HE 5.2± 0.1 5.2± 0.1 4.9± 0.1∗∗ 4.9± 0.1∗∗

TE 5.3± 0.1 5.1± 0.1∗ 4.9± 0.1∗∗ 4.9± 0.1∗∗

Hemoglobin (g/dL) 13–17

HE 15.4± 0.2 15.6± 0.2# 14.6± 0.2∗∗# 14.5± 0.1∗∗

TE 15.2± 0.2 15.0± 0.2 14.2± 0.2∗∗ 14.5± 0.1∗∗

Hematocrit (%) 40–50

HE 47± 0.5 46± 0.5∗ 44± 0.5∗∗ 45± 0.5∗∗

TE 47± 0.5 46± 0.5∗ 44± 0.7∗∗ 45± 0.4∗∗

Erythropoietin (mU/mL) 4.3–29

HE 12± 1 14± 1∗# 14± 1 14± 1∗#

TE 11± 1 12± 1 12± 1 13± 1∗

MCV (fL) 80–100

HE 90± 1# 89± 1∗ 90± 1# 89± 2
TE 89± 1 89± 1 89± 1 91± 1∗

MCH (pg) 27–32

HE 30± 0.2## 30± 0.3∗## 28± 1# 30± 0.2#

TE 29± 0.2 29± 0.2∗ 29± 0.2 29± 0.3∗

MCHC (g/dL) 31.5–36

HE 33± 0.1# 34± 0.2∗# 33± 0.2# 33± 0.1#

TE 32± 0.1 33± 0.2∗ 32± 0.1 32± 0.2∗

RDW (%) 11.9–15.4

HE 14± 0.1## 14± 0.1## 14± 0.1## 14± 0.1##

TE 12± 0.1 13± 0.1∗∗ 13± 0.1∗∗ 13± 0.1∗∗

MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular hemoglobin concentration; RDW: red cell distribution
width; HE: hot environment; TE: temperate environment. The values are presented as mean ± standard error of mean (SEM) of 26 runners. ∗p < 0 05 versus
before the race; ∗∗p < 0 0001 versus before the race; #p < 0 05; and ##p < 0 0001 versus temperate environment.
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and maintained altered 3 days after the race, indicating
tissue damage. The lactate concentration returned to the
basal level 24 h after the race.

The magnitude of changes on the CRP and α-1GPA,
CK, LDH, AST, and ALT (by 3 to 4-fold, 1-fold, 1.8-fold,
23-fold, 2.5-fold, and 1.5-fold, resp.) was similar in both

Table 5: Iron metabolism and hemolysis biomarkers after marathon race in the temperate and hot environments.

Reference value Before Immediately after 1 day after 3 days after

Iron (μg/L) 60–150

HE 110± 8 120± 7 142± 10∗ 90± 6∗

TE 120± 9 126± 9 130± 8 89± 6∗

Ferritin (ng/L) 23–336.2

HE 172± 23# 194± 25∗ 186± 24∗# 147± 20∗∗

TE 147± 20 181± 25∗∗ 169± 21∗∗ 152± 17
Transferrin (mg/dL) 170–340

HE 280± 4## 277± 4 277± 4# 266± 3∗##

TE 257± 6 275± 7∗∗ 248± 5 242± 4∗∗

Transferrin saturation (%) 20–50

HE 39± 3# 43± 3 51± 3∗ 34± 2∗

TE 47± 4 45± 3 54± 4∗ 38± 3
Total bilirubin (mg/dL) 0.1–1.2

HE 0.8± 0.1 0.9± 0.1# 1.1± 0.1∗ 0.7± 0.05
TE 0.9± 0.1 1.1± 0.1∗ 1.1± 0.1∗ 0.8± 0.1∗

Unconjugated bilirubin (mg/dL) 0.1–1.2

HE 0.4± 0.04 0.5± 0.06∗# 0.6± 0.1∗# 0.4± 0.03
TE 0.5± 0.1 0.7± 0.1∗ 0.8± 0.1∗ 0.4± 0.1∗

Conjugated bilirubin (mg/dL) <0.3
HE 0.3± 0.02 0.4± 0.03∗ 0.4± 0.04∗# 0.3± 0.02
TE 0.3± 0.02 0.4± 0.03∗ 0.3± 0.01 0.3± 0.02

The values are presented as mean ± standard error of mean (SEM) of 26 runners. HE: hot environment; TE: temperate environment. ∗p < 0 05 versus before the
race; ∗∗p < 0 0001 versus before the race; #p < 0 05; and ##p < 0 0001 versus temperate environment.

Table 6: Immunological parameters after the marathon race in the temperate and hot environments.

Reference value Before Immediately after 1 day after 3 days after

Leukocytes (mil/mm3) 4.5–11

HE 6.1± 0.4 14.4± 0.6∗∗ 7.6± 0.4∗# 5.8± 0.2
TE 6.0± 0.2 15.3± 0.6∗∗ 7.1± 0.3∗∗ 5.4± 0.2∗

Lymphocytes (mil/mm3) 1–3.8

HE 1.8± 0.1 1.1± 0.1∗∗# 2± 0.1# 1.7± 0.1∗

TE 2± 0.1 1.3± 0.1∗∗ 1.8± 0.1 1.7± 0.1∗

Neutrophils (mil/mm3) 1.8–7.7

HE 3.6± 0.3 12.4± 0.5∗∗ 4.9± 0.3∗∗ 3.4± 0.2
TE 3.4± 0.2 13.2± 0.6∗∗ 4.6± 0.2∗∗ 3.1± 0.1

Monocytes (mil/mm3) 0–0.8

HE 0.41± 0.03 0.60± 0.04∗∗ 0.49± 0.03∗ 0.39± 0.02
TE 0.37± 0.02 0.71± 0.07∗∗ 0.47± 0.03∗∗ 0.36± 0.02

Eosinophils (mil/mm3) 0–0.45

HE 0.16± 0.02# 0.19± 0.02## 0.15± 0.03 0.16± 0.02
TE 0.23± 0.04 0.02± 0.01∗∗ 0.17± 0.03∗∗ 0.18± 0.03∗

The values are presented as mean ± standard error of mean (SEM) of 26 runners. HE: hot environment; TE: temperate environment. ∗p < 0 05 versus before the
race; ∗∗p < 0 0001 versus before the race; #p < 0 05; and ##p < 0 0001 versus temperate environment.
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environments, except for the CK levels, which were 5-fold
in HE and 8-fold in TE as a result of the exercise intensity;
however, it was not significant (Table 7).

4. Discussion

In both environments, the marathon race promotes fluid and
electrolyte imbalance, hemolysis, oxidative stress, immune
activation, and tissue damage; however, in HE, we demon-
strated more pronounced fluid and electrolyte imbalance,
renal damage, hemolysis, and immune activation. Moreover,
the oxidative stress induced by the marathon in HE appears
to be related more to the protein autoxidation than the other
oxidative sources.

The loss of water and electrolytes can directly impact
the performance and health. The exercise performance is
reduced from 7% to 60% by combining the heat stress
up to 30°C and dehydration (about >2% body mass) on
aerobic exercise over 90min [5, 16, 17]. The hot and humid

environment could also increase the sweat loss and dehydra-
tion [4]; however, in our study, the weather was dry and hot.
The high humidity in extreme heat stress demonstrates the
influence on the performance and cannot be generalized to
different climate [2]; hence, the role of humidity on heat
stress induced by exercise remains controversial [18, 19]. In
the hot environment, we observed impairment of fluid and
electrolytic balance before the competition, and markers of
hypohydration, as urea and osmolality, after the marathon
were accomplished by lower performance in HE, empha-
sizing the importance of a redoubled attention regarding
hydration in competitions in hot environment. In spite
of the VO2 peak being higher in HE compared to TE, sug-
gesting that the athletes could be more prepared to mara-
thon race in 2014 (HE), the performance on the race was
impaired in HE.

The heat acclimatization improves the transpiration
capacity, skin blood flow responses, and plasma volume
expansion resulting in higher or more stable fluid-electrolyte

Table 7: Inflammatory mediators and markers of muscle damage after the marathon race in the temperate and hot environments.

RV Before Immediately after 1 day after 3 days after

CRP (mg/dL) <0.8
HE 0.4± 0.01## 0.4± 0.01## 1.7± 0.2∗∗# 0.6± 0.05∗∗##

TE 0.8± 0.05 0.6± 0.05∗ 2.5± 0.2∗∗ 1.3± 0.1∗∗

α-1GPA (mg/dL) 50–120

HE 66± 3 77± 3∗∗ 77± 2∗∗ 72± 3∗

TE 69± 3 75± 3∗∗ 77± 3∗∗ 78± 3∗

Myoglobin (ng/mL) <106
HE 44± 6 1016± 126∗∗ 154± 20∗∗ 84± 19∗∗

TE 46± 7 1059± 120∗∗ 184± 26∗∗ 96± 35∗

CK (U/L) <171
HE 190± 28 481± 56∗∗ 1427± 246∗∗ 906± 381∗

TE 393± 155 568± 78∗∗ 1828± 283∗∗ 1231± 497∗

LDH (U/L) 120–246

HE 252± 12## 427± 33∗∗## 290± 19∗## 284± 20##

TE 500± 23 934± 37∗∗ 669± 27∗∗ 625± 32∗∗

Lactate (mmol/L) 0.5–1.6

HE 1.1± 0.1 2.4± 0.2∗∗ 1.2± 0.1 0.9± 0.1
TE 1.2± 0.1 2.8± 0.2∗∗ 0.9± 0.1 1.0± 0.1

AST (U/L) <50
HE 28± 1# 37± 2∗∗# 75± 10∗∗ 48± 7∗#

TE 37± 3 52± 4∗∗ 85± 7∗∗ 64± 7∗∗

ALT (U/L) <50
HE 24± 2## 25± 2## 29± 3∗## 34± 4∗#

TE 39± 2 42± 2∗ 48± 2∗∗ 52± 2∗∗

GGT (U/L) <73
HE 34± 4# 33± 3 31± 3∗ 30± 3∗

TE 30± 3 32± 3∗ 29± 3 28± 3∗

RV: reference value; α-1GPA: alpha 1 acid glycoprotein; CRP: C-reactive protein; LDH: lactate dehydrogenase; CK: creatine kinase; ALT: alanine transaminase;
AST: aspartate transaminase; GGT: gamma-glutamyl transferase; HE: hot environment; TE: temperate environment. The values are presented as
mean ± standard error of mean (SEM) of 26 runners. ∗p < 0 05 versus before the race; ∗∗p < 0 0001 versus before the race; #p < 0 05; and ##p < 0 0001
versus temperate environment.
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balance [16, 20]. This heat acclimation improves the ability
to reabsorb electrolytes, calcium, copper, magnesium, and
sodium specifically, making acclimatized individuals have a
lower mineral concentration in sweat, with lower values than
40%, regardless of the amount of transpiration [20]. In
our study, before the race, we observed higher levels of
plasma sodium, magnesium, and osmolality in HE as a
result of hypohydration and/or heat acclimatization
increasing the reabsorbing mineral capacity. In HE, we
also observed a pronounced electrolyte imbalance as dem-
onstrated by the high levels of sodium and osmolality
after the race and lower levels of potassium and calcium
3 days after the race, increasing the risk to hypokalemia
and hypernatremia.

Increased sympathetic tone and intravascular volume
depletion, may also contribute to reduced renal perfusion
increasing the risk of kidney damage during long-distance
exercise [10, 21, 22]. The acute kidney injury could induce
greater impairment in renal function after cumulative inju-
ries induced by exercise and incomplete recovery of normal
renal function during stress [23]. During exercise and heat
stress, we also observed both glomerular filtration and
renal blood flow reduction, impairing the urine production
[5, 24]. Moreover, in the recovery period, we observed
impairment in fluid replacement induced by lower capacity
to produce urine [5, 24]. In HE, we demonstrated pro-
nounced kidney damage as demonstrated by the elevation
of urine density, urea, presence of cylinders, urine hematuria,
and urine WBC after the marathon compared to TE. Nev-
ertheless, the creatinine was higher after the race in TE
compared to HE. We suggested that the higher creatinine
levels in TE could be related to higher CK activity
observed in TE (568U/L versus 481U/L). A direct relation-
ship between the postrace serum CK and creatinine levels
after long-distance running has been reported [23]. Hence,
creatinine levels could not reflect the renal damage under
stressed conditions; however, a physiological response to
the muscle catabolism and/or prerenal component was
observed. The proteinuria and hematuria affect 69% and
22% of the marathon runners, respectively [25]. Proteinuria
and hematuria may also indicate kidney disorders; however,
the transient changes reported after the marathon race are
considered as a physiological compensation. The impact of
these alterations in long term for permanent renal damage
remains unclear [26].

In long-term exercise, excessive fluid and electrolyte
loss may lead to hemolysis and promote changes in the
renal damage markers. Hemolysis induced by exercise
involves mechanical stress from foot strike, red blood cells
passing through capillaries in contracting muscles, plasma
volume expansion, alterations of erythrocyte membrane
proteins, inflammation, and/or oxidative stress [27–29].
Robach et al. [27] suggested that hypernatremia as well
inflammation, as we observed in this study, could induce
plasma volume expansion and consequently hemolysis. In
accordance with other studies [27, 30–32], we demon-
strated that hematological changes were induced by long-
distance running; moreover, a worsening response in HE
could be related to many factors as hypohydration,

electrolyte imbalance, and/or oxidative stress. Hemolysis
induces iron release and an imbalance in the iron metabo-
lism [32]. In the present study, hemodilution following the
race was suggested by decreases in hematocrit, and hemoly-
sis was demonstrated by hematuria, and higher conjugated
bilirubin and ferritin levels immediately after the race fol-
low lower erythrocytes, hemoglobin, iron, and transferrin
levels 3 days after race. In HE, we also proposed an exacer-
bated hematological change, reported by higher hematuria,
hemoglobin, conjugated bilirubin, and erythropoietin levels.
Changes on erythrocytes and Ht were also correlated to
race time suggesting that the combination of heat stress
and endurance exercise promoted pronounced hematologi-
cal changes which contribute to impairment of perfor-
mance. Elevated erythropoietin and MCV observed in HE
can indicate the presence of younger cells and erythropoie-
sis as a result of the heat stress adaptation/response to
pronounced hematological changes [27]. Stress hormones
such as catecholamine and cortisol also could stimulate
enhanced erythropoiesis [33].

Thermal stress also induces oxidative stress, which may
contribute to hemolysis and fatigue [34–36]. Exposure of
the red blood cells to free oxygen radicals may promote
hemoglobin damage and induce protein degradation, lipid
peroxidation, and hemolysis; however, oxidative stress may
be more attributed to hypohydration than heat during
exercise [37]. The hyperthermia inactivates antioxidative
enzymes causing deleterious effects on lipoperoxidation and
redox status [34]. In fact, in HE, we observed lower SOD3
activity compared to TE before and in the recovery period;
however, we observed an increase in the SOD3 activity after
the marathon race in HE reaching the same SOD activity
observed in TE environment. A previous study also reported
a postexercise antioxidant response in hot and humid envi-
ronment by elevation of the catalase activity after a treadmill
exercise of 45min at 75–80% of maximal oxygen uptake in
well-trained athletes [36]. In HE, we also reported a reduced
lipoperoxidation compared to TE; however, a greater uric
acid production suggested pronounced purine and protein
degradation in erythrocytes or muscle and diffusion of
hypoxanthine and uric acid into the bloodstream. Hyperuri-
cemia may induce glomerular hypertension, whereas the
increased urinary uric acid may directly injure the renal
tubules as a result of exercise and heat stress [24]. Davies
and Goldberg [31, 38] described that lipoperoxidation and
protein oxidation imply different processes in vivo and that
protein oxidation occurs more quickly than lipoperoxidation.
Maughan et al. [39] demonstrated that lipoperoxidation
initiated by free radicals was associated with the muscle
damage and its respective markers. In accordance to this
study, we demonstrated that TBARs were accomplished by
higher levels of muscle markers CK, LDH, ALT, and AST
in TE, agreeing that lipoperoxidation initiated by free radicals
was associated with muscle damage.

In contrast with our study, after 4 weeks of high-intensity
interval training, we observed an increase in protein car-
bonyls with no changes in TBARs induced by exercise in
TE and an increase in TBARs with no changes in protein
carbonyls in HE [40].
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Inflammatory state also has been associated with oxida-
tive stress and tissue damage [10]. Exercise-induced muscle
damage is accompanied by exacerbated immune activation
and inflammatory mediators [13]. In this study, the mara-
thon race promoted immune activation and inflammation
in both environments. In HE, the leukocytosis and lympho-
penia were also more pronounced 1 day after the race. A
previous study demonstrated a higher proinflammatory
response (MCP-1) following an anti-inflammatory response
(IL-6) after the treadmill test in heat stress that could contrib-
ute to the understanding of the pronounced inflammatory
response (leukocytosis) followed by anti-inflammatory
response (lymphopenia) induced by the marathon and the
lower levels of CRP in HE [36], in spite of half marathon
not demonstrating inflammatory or immunological changes
in hot and humid environment [41].

In HE, the enzymes associated to muscle/hepatic damage
(LDH, AST, and ALT) and CRP were lower in all periods
evaluated suggesting lower exercise or training intensity or
inactivation of the metabolic enzyme activity by heat stress.
Nevertheless, the magnitude of the change induced long-
distance exercise was greater in HE only for the CK levels
(5-fold versus 7.5-fold, p > 0 05), but was not significant.
The CK levels usually maintained altered 3–7 days after
intense/prolonged exercise [42], which could explain the
values above the reference value in TE. In this study, 13
athletes were above the reference value in TE and 9 athletes
were above the reference value in HE before the race indi-
cating less than 1 week of rest before race.

Thus, long-term exercise accomplished by heat stress
may compromise the performance by hematological alter-
ations due to fluid and electrolyte imbalance and purine
or protein oxidation in erythrocytes, leading to renal
damage and immune activation. Nonetheless, we sug-
gested that the impairment on the performance in HE
was not associated to the muscle damage and lipoperoxi-
dation. Protein autoxidation and fluid and electrolyte
imbalance may be an important factor responsible for
hemolysis and impaired performance after long-term exer-
cise in HE.
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The main target of primary prevention is the identification of cardiovascular risk factors aimed at reducing of the adverse impact of
modifiable factors, such as lifestyle and pharmacological treatments. In humans, an alteration of the oxidative status has been
associated with several pathologies, including diabetes and cardiovascular diseases. However, the prognostic relevance of
circulating oxidative stress biomarkers remains poorly understood. Our study explored, in a healthy population (n = 322), the
relationship between oxidative status and cardiovascular risk factors. Here, we were successful in demonstrating that plasmatic
oxidative status is significantly associated with traditional cardiovascular risk factors. We revealed a significant depletion in the
efficacy of total plasma antioxidant barrier in high cardiovascular risk categories, and we confirmed an age-related alteration of
oxidative status. The efficacy of total plasma antioxidant barrier is significantly depleted in relation to metabolic disorders.
Interestingly, the cholesterol imbalance is the main factor in depleting the efficacy of total plasma antioxidant barrier. The
oxidative status is also influenced by hypertension, and a slight increase in systolic blood pressure determines a highly
significant effect. We showed that the first detectable event of a redox disturbance is the repairing intervention of the
antioxidant barrier that is thus decreased as overutilized.

1. Introduction

Cardiovascular diseases (CVDs) are a group of diseases that
share the principal risk factors and often the aetiology. The
main manifestations of CVDs are coronary heart disease
and stroke that represents the world’s primary cause of death
and disability and the most important cause of premature
death, in agreement with the World Health Organization.
CVDs represent a major health problem worldwide that
causes a great public financial effort due to both inability to
work and higher pharmaceutical expenditure. Therefore,
for their broad and well-recognized importance, strategies
to prevent CVDs should be considered as a priority for
all citizens and healthcare systems.

The main target of primary prevention is the identifica-
tion of cardiovascular risk factors aimed at reducing of the
adverse impact of modifiable factors, such as lifestyle and
pharmacological treatments. Furthermore, the evaluation of
early and reliable risk factors can be used to identify high-

risk subjects before the irreversible effects of the disease (early
diagnosis). A growing number of scientific evidence suggests
that effective prevention strategies are feasible and useful,
also from the economic viewpoint [1].

A series of risk factors with pathogenic implication for
CVDs have been identified and summarized in the Framing-
ham study [2]. The main risk factors included smoking,
hypertension, dyslipidemia, and diabetes. Over the years,
several epidemiological studies validated the prediction
models of cardiovascular diseases based on these risk factors,
thus contributing to a steady decrease in CVD mortality [3],
and the prediction models based on Framingham risk score
are still used all over the world. Since the publication of
results from Framingham study [2], other important pre-
disposing factors with pathogenic implication for CVDs
have been identified, including a high-fat diet, low physical
activity, obesity, and genetic influences [4].

Currently, the ongoing studies are aimed at improving
the risk algorithms through the individuation of new
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biomarkers strongly associated with CVDs (even if devoid of
a direct relationship with these pathologies) also in order to
define the appropriate preventive therapy of asymptomatic
individuals [5, 6].

There are several clinical and experimental evidences
supporting the hypothesis of a link between the oxidative sta-
tus alteration and the development and progression of many
health problems, such as neurodegenerative conditions, car-
diovascular and inflammatory diseases, and cancer [7–9].
The predictive value of circulating oxidative stress bio-
markers is poorly understood, despite the modified oxidative
status has been associated with over 100 diseases. In particu-
lar, the ability of oxidative stress biomarkers to predict CVDs
has been widely studied but remains largely unclear [10].

Oxidative stress is referred to the disproportion between
free radicals and antioxidant system to counteract or
detoxify their detrimental effects. The direct detection of
free radicals is made complex by the nonspecificity and
the high reactivity of these molecules. It takes, therefore,
evaluating oxidative damage by measurement of secondary
products, although the limited evidence that it reflects is
oxidative status in vivo [11]. Epidemiological investigations
have considered just a few of the numerous oxidant
species as a biomarker relating them with cardiovascular
dysfunctions, such as homocysteine, nitrosated tyrosines,
and isoprostanes [12].

An alternative approach to investigate oxidative imbal-
ance is the assessment of antioxidant enzymes (superoxide
dismutase, catalase, and ascorbate peroxidase) and antiox-
idative defense, as well as nonenzymatic ascorbate, gluta-
thione, flavonoids, tocopherols, and carotenoids [12, 13].
However, the predictive ability of these biomarkers and
their usefulness to the definition of cardiovascular risk
scores are underinvestigated. In the last years, several
researchers are using two simple methods for detecting
in vivo reactive oxygen species (ROS) using derivatives of
reactive oxygen metabolites (dROMs) and biological anti-
oxidant potential (BAP) [14–17]. For instance, in Japanese
and Korean epidemiological trials, a significant correlation
between oxidative balance and lifestyle-related diseases was
found through these new methods [18, 19]. Hence, it is
evident that there is a need for more extensive studies
on large cohorts and under different clinical situations,
including preclinical stages.

In view of this background, our research was designed to
investigate, in a Mediterranean population, whether the
oxidative balance is related to traditional cardiovascular risk
factors. We evaluate, through a cross-sectional analysis on
322 healthy subjects, the global plasmatic oxidant/antioxi-
dant ability by measuring reactive oxygen metabolite and
biological antioxidant potential by photometric measure-
ment. This study is of emerging interest in CVD research
since the analysis of new biomarkers could improve the pre-
dictive role of CVD risk factors.

2. Subjects and Methods

2.1. Subjects. Our study involved 322 healthy Italian volun-
teers (work suitable) of both sexes and aged between 25 and

69 years (190 males, mean age: 51.42± 11.08 years and 132
female subjects, mean age: 46.11± 10.40 years) recruited
from University of Calabria (UNICAL) staff during the
annual visit performed by “UNICAL Prevention and Protec-
tion Service”. The volunteers were subjected to a “health
check” by filling in a form (information on health status
and lifestyle), by physical measurements (body mass index,
systolic, and diastolic blood pressure), and by blood tests
(blood glucose, lipoprotein panel, prooxidant, and antioxi-
dant status). All subjects were studied in the morning and
in a fasting state. Blood samples were taken from the antecu-
bital vein and immediately centrifuged (2500g for 15min
at 4°C), and the plasma obtained was stored at 4°C until
measurements (maximum 6 hours of venous blood collec-
tion). Baseline characteristics of the cohort are shown in
Table 1.

2.2. Cardiovascular Risk Chart. The cardiovascular risk
charts, based on the global absolute risk, are a simple
and verified way of assessing the probability of experienc-
ing a first major cardiovascular event (myocardial infarc-
tion or stroke) over the following ten years, by using the
values of six risk factors: gender, diabetes, smoking, age,
systolic blood pressure, and total serum cholesterol. When
applied to the population from which they derive, they pro-
vide the best estimate of CVD risk. Therefore, in this study,
we used Italian cardiovascular risk chart of The CUORE
Project (http://www.cuore.iss.it). The risk charts are four:
diabetic man, nondiabetic man, diabetic woman, and non-
diabetic woman. For each of these four categories, the
charts are further divided into smokers and nonsmokers,
and the risk is calculated on the basis of age decade,
serum cholesterol, and arterial pressure values. Six cardio-
vascular risk categories were constructed, called MCV
(from I to VI): the CVD risk category indicates how many
persons out of 100 with the same characteristics will fall ill
over the next 10 years.

2.3. Oxidative Status and Biological Antioxidant Potential
Measurements. Oxidative status and biological antioxidant
potential determination were performed by using photomet-
ric measurement kits and a free radical analyzer system pro-
vided with spectrophotometric device reader (FREE Carpe
Diem, Diacron International, Grosseto, Italy). All analyses
were performed on ice-stored samples within maximum 6
hours of venous blood collection to prevent auto-oxidation
phenomenon. We used Diacron reactive oxygen metabolite
(dROM) and biological antioxidant potential (BAP) tests to
evaluate plasma levels of reactive oxygen metabolites and
antioxidant capacity. The dROM test helps to determine
the oxidant ability of a plasma sample measuring the pres-
ence of reactive oxygen metabolites derivatives, in particular,
hydroperoxides. By means of an appropriate acidic buffer,
transition metal ions (essentially iron), originating by pro-
tein, are converted to alkoxy and peroxy radicals that react
with hydroperoxides thus forming new radicals; aromatic
amine (N,N-diethylparaphenylene-diamine) reacts with
these new radicals originating a colored cation radical spec-
trophotometrically detectable at 505 nm [14, 15]. Results
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are expressed in Carratelli units (UC; 1UC=0.8mg/L of
hydrogen peroxide). The BAP test provides an overall
measure of the biological antioxidant potential measuring
the blood concentration of antioxidants (such as bilirubin,
uric acid, vitamins C and E, and proteins) capable of reducing
iron from ferric to the ferrous form; in fact, when the plasma
is mixed with a colored solution (ferric chloride and thiocya-
nate), a decoloration occurs whose intensity is related to the
ability of the plasma to reduce the ions of iron [16, 17]. The
intensity of decoloration is spectrophotometrically detectable
at 505nm. Results are expressed in μmol/L of the reduced
ferric ions.

2.4. Statistical Analysis. Data have been analyzed using
GraphPad/Prism version 5.01 statistical software (SAS Insti-
tute, Abacus Concept Inc., Berkeley, CA, USA). Differences
between groups were examined using the unpaired t-test, or
the Mann–Whitney test, or the Dunn’s test, or the Kruskal-
Wallis test, or the ANOVA test. A p value of < 0.05 was con-
sidered to be statistically significant. Data are expressed as the
mean± standard deviation.

2.5. Ethics Statement. All investigations have been conducted
according to the Declaration of Helsinki principles and have
been approved by Local Ethical Committee (n°8/2016,
Regione Calabria, Sezione Area Nord). All subjects have pro-
vided written informed consent that, as guarantor, is retained
by the corresponding author.

3. Results

Our study population consists of 322 subjects (190 males and
132 females) aged between 25 and 69 years (25–39, n = 79;
40–49, n = 71; 50–59, n = 107; and 60–69, n = 65).

Baseline characteristics of the cohort are shown in
Table 1. These data are comparable to the results of the
second population survey of Cardiovascular Epidemiologic
Observatory (The CUORE Project—Istituto Superiore
Sanità—Italy) relative to a population sample from Calabria
monitored in the period 2008–2012 (http://www.cuore.iss.it/
eng/factors/south.asp). In the whole sample, oxidative status
and antioxidant barrier efficacy values are the following:

dROM test = 333.80± 72.94UC and BAP test = 1968.96±
412.21μmol/L. By suitable statistical tools, we analyzed
the trend of both oxidative status and antioxidant barrier
efficacy in order to identify possible correlations with
MCV and traditional cardiovascular risk factors: gender,
diabetes, smoking, age, systolic blood pressure, and total
serum cholesterol. We also considered further determi-
nants that may predispose to cardiovascular risk as meno-
pausal status, obesity, and the ratio of total cholesterol to
HDL (high-density lipoproteins).

3.1. MCV. We calculated the total CVD risk of our
cohort using the Italian cardiovascular risk chart of The
CUORE Project. MCV category (from I to VI) has been
assigned to subjects aged between 40 and 69 years (n = 243)
based on parameters described in http://www.cuore.iss.it/
eng/assessment/risk_assessment.asp. We analyzed the trend
of both oxidative status and antioxidant barrier efficacy by
comparing subjects with low (MCV I-II; n = 180) medium
(MCV III-IV; n = 45), and high (MCV V-VI; n = 18) total
CVD risk. We found no significant differences in ROM
values between MCV categories (Figure 1(a)), while we
showed a significant decrease in antioxidant barrier effi-
cacy in high (MCV V-VI) CVD risk categories (Dunn’s test,
p < 0, 005; Figure 1(b)).

3.2. Cardiovascular Risk Factor: Gender. We found a signifi-
cant difference between males (n = 190) and females (n =
132) in the values of both oxidative status (Mann–Whitney
test, p < 0 0001; Figure 2(a)) and antioxidant barrier efficacy
(Mann–Whitney test, p < 0 001; Figure 2(b)). In particular,
females present high ROM (364.70± 85.96UC) and BAP
(2035.74± 412.28μmol/L) values, while males show ROM
values close to the normal values (312.00± 52.30UC) and
low BAP values (1915.03± 406.64μmol/L). Within the
female group, no significant difference was observed in pre-
menopausal (n = 87) and postmenopausal (n = 45) subjects
(ROM values: premenopausal 366.49± 50.83 UC and post-
menopausal 361.22± 45.92UC; BAP values: premenopausal
2079.32 ± 441.73μmol/L and postmenopausal 1951.49 ±
337.15μmol/L).

3.3. Cardiovascular Risk Factor: Diabetes and Obesity. In our
study population, only 14 people, all males, had a diagnosis of
diabetes and were undergoing insulin or oral hypoglycemic
agent treatment. Therefore, we analyzed the values of oxida-
tive status and antioxidant barrier efficacy by comparing
nondiabetic males (n = 176) with respect to diabetic males
(n = 14). Despite the small sample size, we found a significant
decrease in antioxidant barrier efficacy in diabetic subjects
(Mann–Whitney test, p < 0 05; Figure 3(b)) while no differ-
ences were evidenced in oxidative status (Figure 3(a)). Body
mass index (BMI) is a simple index of weight-for-height
that is commonly used to classify underweight, overweight,
and obesity in adults. To analyze the trend of both oxida-
tive status and antioxidant barrier efficacy in relation to
BMI, we divided our study population according to this
international classification: underweight (UW, <18.50
BMI, n = 0); normal range (N, 18.50–24.99 BMI, n = 150);

Table 1: Baseline characteristics of the cohort (n = 322; data are
expressed as mean± SD).

Normal range

Age (years) 49.24± 11.10
BMI (body weight/height2) 25.95± 9.19 18.50–24.99

Systolic blood pressure (mmHg) 123.07± 16.08 <120
Diastolic blood pressure (mmHg) 76.31± 9.44 <80
Blood glucose (mg/dL) 97.22± 22.54 70–99

Total cholesterol (mg/dL) 206.12± 40.45 <240
HDL cholesterol (mg/dL) 54.76± 14.37 >60
LDL cholesterol (mg/dL) 132.03± 32.22 <115
Triglycerides (mg/dL) 119.01± 61.76 <150
Smokers 55 (17%)
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Figure 1: Values of dROM (a) and BAP (b) tests by MCV (data are expressed as mean± SE; Dunn’s test, ∗∗p < 0 005).
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Figure 2: Values of dROM (a) and BAP (b) tests by gender (data are expressed asmean± SE;Mann–Whitney test, ∗∗∗p < 0 0001; ∗∗p < 0 005).
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Figure 3: Values of dROM (a) and BAP (b) tests by diabetes status (data are expressed as mean± SE; Mann–Whitney test, ∗p < 0 05).
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overweight (OW, ≥25.00 BMI, n = 126); and obese (Ob,
≥30.00 BMI, n = 35). Our results showed that there were
no differences in ROM values among N, OW, and Ob
groups (Figure 4(a)) as a decrease in antioxidant barrier
efficacy can be observed already in OW subjects, reduction
statistically significant in Ob subjects (Figure 4(b); Kruskal-
Wallis test, ∗p < 0 025).

3.4. Cardiovascular Risk Factor: Smoking. Concerning smok-
ing habits, equally distributed between sex (17%), we found
no significant differences between nonsmoker (n = 267) and
smoker (n = 55) subjects in the values of both oxidative status
and efficacy of antioxidant barrier (ROM values: nonsmokers
335.03± 76.23UC and smokers 329.05± 55.06UC; BAP
values: nonsmokers 1968.14± 415.10μmol/L and smokers
1944.09± 405.46μmol/L). However, it should be noted that
the smoker sample consists mainly of moderate smokers (less
than ten cigarettes daily).

3.5. Cardiovascular Risk Factor: Age. We divided our study
population into four age groups: the first group (25–39 years,
n = 78) not provided for cardiovascular risk chart and used

herein as controls and three groups according to the age
decades of cardiovascular risk chart (40–49 years, n = 71;
50–59 years, n = 105; and 60–69 years, n = 63). The ROM
values remain at a constant level in all groups (Figure 5(a)),
while a constant reduction of antioxidant barrier efficacy
was observed with increasing age (Figure 5(b)). This reduc-
tion is remarkable and highly statistically significant start-
ing from 50 years of age (Kruskal-Wallis test, 50–59 years
p < 0 0005 and 60–69 years p < 0 005).

3.6. Cardiovascular Risk Factor: Systolic Blood Pressure. To
analyze the systolic blood pressure values in relation to oxi-
dative status and antioxidant barrier efficacy, we divided
our study population into three groups according to the
range of cardiovascular risk chart (90–129mmHg, n = 174;
130–149mmHg, n = 103; and 150–169mmHg, n = 26). The
ROM values remain at a constant level in all groups
(Figure 6(a)), while a statistically significant reduction of
antioxidant barrier efficacy was observed starting from
150mmHg of systolic blood pressure values (Figure 6(b);
Kruskal-Wallis test, p < 0 0005).
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Figure 4: Values of dROM (a) and BAP (b) tests by BMI (data are expressed as mean± SE; Kruskal-Wallis test, ∗p < 0 025).
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Figure 5: Values of dROM (a) and BAP (b) tests by age (data are expressed as mean± SE; Kruskal-Wallis test, ∗∗∗p < 0 0005; ∗∗p < 0 005).
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3.7. Cardiovascular Risk Factor: Total Serum Cholesterol and
Ratio of Total to HDL.We analyzed both total serum choles-
terol values and the ratio of total to HDL fraction in relation
to oxidative status and antioxidant barrier efficacy. In rela-
tion to total serum cholesterol values, we divided our cohort
in five groups according to the range of cardiovascular risk
chart (130–173mg/dL, n = 56; 174–212mg/dL, n = 124;
213–251mg/dL, n = 91; 252–290mg/dL, n = 30; and 291–
320mg/dL, n = 9). The ROM values remain at a constant
level in all groups (Figure 7(a)), while a constant reduction
of antioxidant barrier efficacy was observed with increasing
total serum cholesterol values (Figure 7(b)). This reduction
is remarkable and highly statistically significant starting from
213mg/dL of total serum cholesterol (Kruskal-Wallis test,
p < 0 0001). Concerning the ratio of total cholesterol to
HDL fraction, we divided the study population into five
groups: ratio of less than 3 (<3, n = 59); ratio of less than 4
(<4, n = 107); ratio of less than 5 (<5, n = 93); ratio of less
than 6 (<6, n = 33); and ratio greater than 6 (>6, n = 7). Even

in this case, the ROM values remain at a constant level in all
groups (Figure 8(a)), while a remarkable and highly statisti-
cally significant reduction of antioxidant barrier efficacy
was observed with increasing ratio of total cholesterol to
HDL fraction (Figure 8(b); Kruskal-Wallis test, p < 0 0001).

4. Discussion

Our research focused on identifying the putative relationship
between oxidative imbalance and cardiovascular risk factors
through a cross-sectional analysis on a large healthy popula-
tion. We clearly showed that the oxidative status is signifi-
cantly associated with MCV, diabetes, obesity, age, high
systolic blood pressure, serum cholesterol, and total choles-
terol/HDL. In particular, we reported, for the first time, that
the early warning alteration at a systemic level is the reduc-
tion of antioxidant capacity.

It is noteworthy that these results have been achieved
using a noninvasive method to detect total plasma redox
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Figure 6: Values of dROM (a) and BAP (b) tests by systolic pressure (data are expressed as mean± SD; Kruskal-Wallis test, ∗∗∗p < 0 0005).
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balance, which is of particular importance when analyzing
the healthy subject. The analysis of the overall redox balance
does not identify the impaired system/s, but it provides an
evaluation of the imbalance induced by the alteration of indi-
vidual parameters.

To the best of our knowledge, this is the first cross-
sectional study that investigated, on a healthy cohort, the
oxidative status taking into account all the cardiovascular
risk factors. Although a direct causality cannot be inferred
from such kind of correlative investigations, our data pro-
vide an important contribution to understanding the
cross-talk between oxidative imbalance and cardiovascular
risk factors also representing a point of departure to address
further investigation.

4.1. MCV. Global comparative risk assessment and associ-
ated health effect studies have estimated that hundreds of
thousands or millions of CVD deaths are attributable to
established CVD risk factors and other putative, emerging,
risk factors that are the subject of extensive research. In par-
ticular, several studies suggested a positive correlation
between CVDs/CVD risk factors and an increased oxidative
stress [7–9]. However, information on healthy populations
are scarce, and most of the available data derive from trials
conducted on subjects with very high cardiovascular risk
[20]. In these situations, it becomes difficult to establish a
clear understanding of the relative influence of the differ-
ent factors in determining oxidative imbalance and then
to evaluate the synergic or independent action of CVD
risk factors.

Because traditional risk factors account for only a frac-
tion of CVDs, the importance of alternate and additional
predictors is evident [21, 22]. Our results, exploring the
oxidative status of healthy subjects (without previous cardio-
vascular events), show a significant association between the
high cardiovascular risk (MCV V-VI) and the depletion in
the efficacy of total plasma antioxidant barrier despite the
normal values of oxidative status. Recently, some authors
found a significant correlation between ROM values and

age [18] or lipid profile [19], but our study remains the only
considering overall CVD risk factors.

Antioxidant deficiencies may be the result of a decreased
antioxidant intake, a reduced synthesis of endogenous
enzymes, or an increased antioxidant utilization [22]. Since
the antioxidant species are numerous and they operate syner-
gistically, evaluating the activity of each antioxidant species
may underestimate the association among different effects
and probably do not reflect the physiological conditions.
Moreover, for each antioxidant compound, a specific test is
needed thus making the evaluation of antioxidant capacity
extremely complex [23, 24].

We recognize that there are currently no validated
methods for quantifying the oxidative status but certainly,
the total antioxidant capacity is indicative of both organism
antioxidant protection and oxidative stress amount.

4.2. Gender. According to our previous findings [25], we
showed that the oxidative status was significantly higher in
females than in males and we also demonstrate that this
result is not related to the level of circulating hormones since
no differences have been detected between pre- and post-
menopausal women. The physiological significance of this
gender-related difference remains unclear, and research on
both animals and humans have shown contrasting results
([25] and references therein). Another interesting finding in
our study was the more effective antioxidant barrier detected
in females compared to males suggesting that, in healthy sub-
jects, the altered oxidative status is balanced by an enhance-
ment in the antioxidant barrier effectiveness.

4.3. Diabetes and Obesity. Obesity is an important cause of
CVDs, and it promotes a cluster of risk factors including dys-
lipidemia, type 2 diabetes, and hypertension [26]. Several
pieces of evidence support the role of oxidative stress in obe-
sity and diabetes metabolic perturbations (and subsequent
cardiovascular pathogenesis) [27, 28]. The proinflammatory
and prooxidant effects of an increased adiposity represent a
potential link between obesity and CVDs, even in the absence

0

100

200

300

400

<3 <4 <5 <6 >6

dR
O

M
 co

nc
en

tr
at

io
n 

(U
C)

(a)

0

500

1000

1500

2000

2500

<3 <4 <5 <6 >6
Total serum cholesterol/HDL

⁎⁎⁎
⁎⁎⁎

⁎⁎⁎

A
nt

io
xi

da
nt

 b
ar

rie
r (
�휇

m
ol

/L
)

(b)
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of other risk factors [29, 30]. The positive association
between indices of obesity and oxidative stress biomarkers
is well acknowledged [20], but the underlying mechanisms
are complex and not yet fully identified. In the obese-
diabetic patients, the excessive uric acid has been shown to
induce CVDs through the generation of ROS and subsequent
endothelial dysfunction [31]. Recent studies have empha-
sized the importance of antioxidant defense in type 2 diabetes
patients. In these subjects, the excessive ROS stimulation
leads to a progressive deterioration of the antioxidant system
that tends to crumble [31]. In our cohort, we found a signif-
icant decrease in antioxidant barrier efficacy in both diabetic
and obese subjects; these results contribute to emphasize the
importance of antioxidant barrier effectiveness in countering
the deleterious effects of ROS overproduction.

4.4. Smoking. Smoking is an important risk factor for cardio-
vascular disease development. Cigarette smoke is a complex
mixture of chemical compounds, containing many free radi-
cals and oxidants [32, 33], and it can be associated with oxi-
dative stress in smokers [34, 35]. It has also been highlighted
a direct correlation between oxidative index and number of
cigarettes smoked [36]. In our cohort, we found no signifi-
cant differences in the oxidative status between nonsmokers
and smokers. However, the smoker sample in our study
was small and consisted mainly of moderate smokers (less
than ten cigarettes daily). Moreover, the ex-smokers were
very few and all of them had stopped smoking for more than
ten years.

4.5. Age. The oxidative stress theory of aging postulates that
reactive oxygen species play a key role in the aging process
through an age-related accumulation of oxidative damages
in macromolecules, resulting in a progressive loss of cellular
function and senescence [37]. Over the past two decades,
several lines of evidence supported this theory [38] and a
number of experimental studies, in both humans and ani-
mals, showed a linear correlation between age and oxidative
stress [39]. In our study, we detected no difference in ROM
values in the different age groups whereas a regular reduc-
tion of antioxidant barrier efficacy was observed with
increasing age. It is well known that antioxidants delay or
protect against the damage produced by free radical reac-
tions and are consumed during this process. In fact, global
antioxidant status is even used to indirectly evaluate free
radical activity [24].

4.6. Blood Pressure. Endothelial dysfunction, the initial stage
in the pathogenesis of several cardiovascular diseases includ-
ing hypertension, is associated with increased vascular ROS
production, oxidative stress, and vascular inflammation
[40]. Clinical studies, in patients with essential hypertension,
demonstrated that systolic and diastolic blood pressure cor-
relate positively with oxidative stress biomarkers [41, 42],
and similar results have been found in rats [43]. Direct mea-
surements of ROS vascular production in hypertensive sub-
jects demonstrated higher levels of O2 and H2O2 and an
enhanced angiotensin II-stimulated redox signaling com-
pared with cells from normotensive counterparts [44, 45].

In our study, we divided the healthy population into three
groups, according to the range of cardiovascular risk charts
(90–129mmHg; 130–149mmHg; and 150–169mmHg),
and we did not observe any change in the ROM values.
On the contrary, we found a statistically significant reduc-
tion of antioxidant barrier efficacy in the group with sys-
tolic blood pressure higher than 150mmHg. Several
observational studies have reported an inverse relationship
between blood pressure and antioxidant levels [46–48]. A
decreased antioxidant activity and reduced levels of ROS
scavengers might contribute to induce oxidative stress in
hypertensive subjects, but also an increase in vascular
ROS production has been hypothesized to reduce the anti-
oxidant efficacy [8].

4.7. Lipidic Profile. Lipid metabolism disorders are associ-
ated with the overproduction of reactive oxygen species
and have been shown to affect the antioxidant status and
the lipoprotein levels in different organs [49, 50]. Dyslipid-
emia in combination with endothelial damage is a crucial
event in the most common pathological processes underly-
ing CVDs [51, 52]. In addition, endothelial dysfunction
can be started/supported by several factors, including an
excess of ROS and the exposure to harmful agents such
as oxidized LDL [53]. In our study, we did not find a sig-
nificant relationship between changes in oxidative status
and total cholesterol values whereas a regular and significant
reduction of antioxidant barrier efficacy was observed in sub-
jects with pathological cholesterol values (total serum choles-
terol values> 213mg/dL).

We observed a similar result by relating oxidative status
with total cholesterol/HDL cholesterol ratio. According to
evidence from large observational studies, total cholesterol/
HDL cholesterol ratio seems to be a more powerful risk pre-
dictor than isolated parameters used independently ([54] and
references therein). Indeed, both diagnosis and treatment of
dyslipidemia, including instruments for calculating cardio-
vascular risk factors, nowadays include the lipoprotein ratios
that, in view of the evidence-based results, present greater
predictive power [54].

Interestingly, in a recent paper, Yagi and colleagues
[55] demonstrated that BAP was strongly correlated with
carotid artery IMT suggesting that it may be considered
a suitable risk marker for carotid atherosclerosis; more-
over, they postulate that the measurements of BAP may
be superior to the measurements of glutathione peroxi-
dase, superoxide dismutase, catalase, and total antioxidant
status for the assessment of antioxidant potential. Our
results emphasize that the first detectable event of a redox
disturbance is the repairing intervention of the antioxidant
barrier that is thus decreased as overutilized.

5. Conclusion

In the present study, we showed through a cross-sectional
analysis on a large healthy population that a reduced
antioxidant capacity is significantly associated with cardio-
vascular risk factors. In epidemiological studies, the mag-
nitude of the cohort is a key factor for the validity of
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the results. Our numbers reach an average value; therefore,
our research can be considered as a pilot study and as the
first application of a protocol aimed to verify the validity
of the experimental design. Moreover, we assessed the oxi-
dative status through indirect determinations thus provid-
ing an overall measure of many oxidants/antioxidants, also
without identifying the molecules involved in the pertur-
bation of normal homeostasis. The assessment of both
validity and reproducibility of such indirect determinations
is important as they represent an analytical tool not many
invasive and easy to perform which allows an application
on a large scale. Further studies are needed to clarify bet-
ter how these new putative biomarkers and the traditional
risk factors are related and how they can improve the pre-
diction of cardiovascular risk.
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This systematic review was performed to identify the role of photobiomodulation therapy on experimental muscle injury models
linked to induce oxidative stress. EMBASE, PubMed, and CINAHL were searched for studies published from January 2006 to
January 2016 in the areas of laser and oxidative stress. Any animal model using photobiomodulation therapy to modulate
oxidative stress was included in analysis. Eight studies were selected from 68 original articles targeted on laser irradiation and
oxidative stress. Articles were critically assessed by two independent raters with a structured tool for rating the research quality.
Although the small number of studies limits conclusions, the current literature indicates that photobiomodulation therapy can
be an effective short-term approach to reduce oxidative stress markers (e.g., thiobarbituric acid-reactive) and to increase
antioxidant substances (e.g., catalase, glutathione peroxidase, and superoxide dismutase). However, there is a nonuniformity in
the terminology used to describe the parameters and dose for low-level laser treatment.

1. Introduction

Muscle injuries are frequent in sports and workplace; more
than 30% of the injuries seen in the physician’s office are
related to skeletal muscle. These injuries can occur through
a variety of mechanisms, including those arising through
direct trauma (e.g., laceration and contusion) and those
through indirect trauma (e.g., ischemia, denervation, and
strain), but the general process of muscle repair is similar in
most cases [1]. After injury, the muscle repair process begins
and is divided into interdependent phases: degeneration/
inflammation, regeneration, fibrosis/scar formation, and
remodeling [2]. In addition, muscle damage causes an
immediate acute ischemic response releasing reactive oxygen

species (ROS) including superoxide anion, hydroxyl radical,
and hydrogen peroxide. Moreover, ROS may also be released
due to the migration, accumulation, and activation of poly-
morphonuclear cells. These events will finally provoke oxida-
tion of cell membrane lipids, protein oxidation, proteolysis,
and DNA fragmentation. Disruption of muscle structural
integrity and function will induce changes in transport
capacity, energy production, and ionic balance [3].

The oxidative stress has been reported to be involved in
several diseases such as diabetes mellitus, neurodegenerative
disorders (Parkinson’s disease (PD), Alzheimer’s disease
(AD), and multiple sclerosis (MS)), cardiovascular diseases
(atherosclerosis and hypertension), respiratory diseases
(asthma), cataract development, and rheumatoid arthritis
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[4]. Many studies showed an increase ROS and oxidative
damage markers in blood and tissues of humans and ani-
mals during and after muscle damage [1, 2, 5, 6]. After
muscle injury, oxidative stress could be increased due to
a number of potential sites for the ROS generation within
the traumatized muscle.

Since the mid-1960s, the use of light energy as a therapy
for inflammation and cell trophism has opened up a new
research field to understand interaction between electromag-
netic energy and biological tissue [7]. More recently, photo-
biomodulation therapy (PBMT) has been used to mitigate
and delay muscle fatigue [8] in clinical [9, 10] and experi-
mental [11] condition. There are studies showing that PBMT
can improve mitochondrial function and mitigate ROS as
well as reactive nitrogen species (RNS) generated during
exercise training [12]. Thus, PBMT has been reported to
modulate oxidative events, reducing oxidative stress in differ-
ent situations [5, 13–15]. We performed this systematic
review to identify animal research defining the effects of
PBMT on experimental models of muscle injury and the
impact of PBMT dosage.

2. Materials and Methods

2.1. Search Strategy. This search strategy was in accordance
with the SYstematic Review Center for Laboratory animal
Experimentation—SYRCLE guidelines for systemic review.
For identification of studies included or considered for
this review, from January 2006 to January 2016: EMBASE
(Excerpta Medica Database), PubMed (Public/Publisher
MEDLINE), and CINAHL (Cumulative Index to Nursing
and Allied Health Literature). First, we selected key words
from related articles. MeSH and SCOPUS international data
lines were used to find more related key words with close
meanings: (“oxidative stress”[MeSH Terms] OR (“oxidative”
[All Fields] AND “stress”[All Fields]) OR “oxidative
stress”[All Fields]) AND (“low-level light therapy”[MeSH
Terms] OR (“low-level”[All Fields] AND “light”[All Fields]
AND “therapy”[All Fields]) OR “low-level light therapy”[All
Fields] OR “PBMT”[All Fields]) AND (“low-level light
therapy”[MeSH Terms] OR (“low-level”[All Fields] AND
“light”[All Fields] AND “therapy”[All Fields]) OR “low-
level light therapy”[All Fields] OR (“low”[All Fields] AND
“level”[All Fields] AND “laser”[All Fields] AND “therapy”
[All Fields]) OR “low level laser therapy”[All Fields]) (“oxi-
dative stress”[MeSH Terms] OR (“oxidative”[All Fields]
AND “stress”[All Fields]) OR “oxidative stress”[All Fields])
AND (“phototherapy”[MeSH Terms] OR “photothera-
py”[All Fields]) AND (“low-level light therapy”[MeSH
Terms] OR (“low-level”[All Fields] AND “light”[All Fields]
AND “therapy”[All Fields]) OR “low-level light therapy”
[All Fields] OR (“photobiomodulation”[All Fields] AND
“therapy”[All Fields]) OR “photobiomodulation therapy”
[All Fields]) AND Photobiomodulation[All Fields].

The search was repeated following review of the eligible
papers to specifically search for experimental methodolo-
gies and outcomes and parameters of photobiomodulation.
We also reviewed the retrieved articles to identify possible
additional studies (Figure 1).

2.2. Study Selection. We examined the title list and abstracts
identified by the literature searches for potentially relevant
studies. Two independent reviewers (SAS and AJS) applied
a predetermined inclusion criterion to the full studies. Con-
flicts were resolved through a third independent researcher
(PTC). The inclusion criteria of this systematic search were
as follows:

(1) Live animal subjects

(2) Experimental muscle injury model to induce oxida-
tive stress

(3) Random allocation of treatment

(4) Type of low-level laser irradiation was provided as an
intervention to at least one of the treatment groups

(5) A quantitative or semiquantitative measure

(6) English language, abstracts were reviewed by at least
two raters to determine if they met eligibility criteria.

Exclusion criteria:

(1) In vitro clinical studies and systematic review articles
with or without meta-analysis.

(2) Papers not published in the English language.

2.3. Assessment of Study Quality. Potentially eligible articles
were printed, reviewed, and critically appraised for quality
rating by two independent reviewers. Systematic reviews are
commonly performed in human research but rarely in ani-
mal research. Quality rating scales commonly used in human
research may not be appropriate for animal studies, given
that they do not consider issues like the appropriateness of
the animal model being evaluated. For assessment of appro-
priateness, we used a quality scale developed by Tajali
Bashardoust et al. [16]; this is a quality rating scale for an ani-
mal/tissue research scale (QATRS) questionnaire designed to
assess the quality of animal studies. The QATRS is a 20-point
scaled evaluation chart designed to assess randomization,
blinding, similarity of the animal/tissue model with human
applications, standardization and reliability of measure-
ment techniques, management of study withdrawals, and
appropriateness of statistical methods (Table 1).

3. Results

We found 68 articles in the databases. Abstracts were used
to identify research that repeatedly appeared in more than
1 database (duplication of the same study) (n = 48). Thus,
we prescreened 20 studies for full review. Among the 20
studies analyzed, 12 were excluded for not meeting the
inclusion criteria of this systematic review: in vitro study
(n = 1), clinical study (n = 4), systematic review (n = 4),
abstract only (n = 1), and study not written in English
(n = 2). We included 8 studies for critical evaluation of
the effectiveness of PBMT in muscle injury, in which
there are diverse treatment parameters of injuries were
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carried out. Table 2 shows data extracted from the papers.
The composition of samples from the 8 studies ranged
from 18 to 90 animals, distributed randomly into 3–7
groups, with different studies presenting various primary
outcomes; the most frequent oxidative stress biomarkers
were catalase (CAT), superoxide dismutase (SOD), glutatione
peroxidase (GPX), and biomarkers of lipid peroxidation
(n = 4) (Table 3).

The studies used several models of experimental injury
induction, and all of them were distributed in fatigue

[5, 15], cryoinjury [2, 6], traumatic injury [1, 3], and in
lesser occurrence Carrageenan [17] and adrenaline [14]. Six
studies used male animals and two used female animals.
The studies were analyzed by a range of methodological rigor
called the QATRS encompassing various aspects that enable
better quality control of the experimental studies. Study
scores ranged from 17 to 19 points on a scale of 0–20
(Tables 4 and 1). When analysis of the positive effects was
statistically significant, eight studies found positive effects
(Table 5).

MeSH and SCOPUS key words with close meanings:
(‟oxidative stress”[MeSH Terms] OR (‟oxidative”[All Fields] AND ‟stress”[All Fields])
OR ‟oxidative stress”[All Fields]) AND (‟low-level light therapy”[MeSH Terms] OR
(‟low-level”[All Fields] AND ‟light”[All Fields] AND ‟therapy”[All Fields]) OR
‟low-level light therapy”[All Fields] OR ‟PBMT”[All Fields]) AND (‟low-level light
therapy”[MeSH Terms] OR (‟low-level”[All Fields] AND ‟light”[All Fields] AND ‟therapy”
[All Fields]) OR ‟low-level light therapy”[All Fields] OR (‟low”[All Fields] AND
‟level”[All Fields] AND ‟laser”[All Fields] AND ‟therapy”[All Fields]) OR ‟low level laser
therapy”[All Fields]) (‟oxidative stress”[MeSH Terms] OR (‟oxidative”[All Fields]AND
‟stress”[All Fields]) OR ‟oxidative stress”[All Fields]) AND (‟phototherapy”[MeSH Terms]
OR ‟phototherapy”[All Fields]) AND (‟low-level light therapy”[MeSH Terms] OR (‟low-
level”[All Fields] AND ‟light”[All Fields] AND ‟therapy”[All Fields]) OR ‟low-level light
therapy”[All Fields] OR (‟photobiomodulation”[All Fields] AND ‟therapy”[All Fields]) OR
‟photobiomodulation therapy”[All Fields]) AND Photobiomodulation[All Fields]

Search of three electronic databases including EMBASE
(Excerpta Medica Database), PubMed (Public/Publisher MEDLINE),
CINAHL (Cumulative Index to Nursing and Allied Health
Literature)

68 articles in databases

Exclusion criteria for articles:
In vitro clinical studies and systematic review articles with or

without meta-analysis.
(i)

Papers not published in the English language.(ii)

The inclusion criteria of this systematic search were:
Live animal subjects
Experimental muscle injury model to induce oxidative stress
Random allocation of treatment
Any type of low-level laser irradiation was provided as an
intervention to at least 1 of the treatment groups
A quantitative or semi-quantitative measure
English language, abstracts were reviewed by at least two
raters to determine if they met eligibility criteria.

Study selected
8

Assessment of Study Quality-(QATRS) questionnaire
to assess the quality of animal studies

Data extraction

60 were excluded for not meeting the inclusion criteria of this systematic review:
repeated study (48),

in vitro study (1),
clinical study (n = 4)

systematic review (n = 4),
abstract only (n = 1),

study no written in English (n = 2).

Figure 1: Flow diagram of the results of the study selection procedure.
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4. Discussion

In this review, articles focusing primarily on the effects of
PBMT on oxidative stress in experimentally muscle injury
were analyzed; for all articles, there was no unanimity regard-
ing the outcome measures, nor the methods used to measure
these outcomes. Frequently, different classifications and eval-
uations were used to designate similar variables. This may be
due to the multifactorial etiology of the disease and the fact
that its pathogenesis is still unknown [6]. Enwemeka et al.
[18] stated that such failures are the causes of inconsistencies
in the literature, especially with PBMT.

The most frequently analyzed variables were histology,
creatine kinase, CAT, SOD, GPX, oxide nitric production,
and TBARS. Based on the outcomes listed (Table 3), positive
outcomes depend on the proper use of two key factors: an
experimental model that mimics muscle injury and the use
of the intervention employed.

Possibly LLLT and LEDT improves mitochondrial func-
tion, O2

•− dismutation via SOD and decreases formation of
ONOO−. In addition, LLLT can reduce H2O2 via CAT and
GPX and can reduce the formation of hydroxyl radicals,
which contribute to lower muscle cell membrane damage,
as evidenced by a lower lipid peroxidation [19]. The reviewed
studies had focused on the analysis of only one muscle, and
60% of these investigated the alterations suffered in the
gastrocnemius muscle [1, 3, 5, 17] and the induction medium
was distributed in 25% fatigue [5], traumatic lesion 25%
[1, 3], and in lesser occurrence Carrageenan [17] and
adrenaline [14] with 12.25% (Table 2).

According to Assis et al. [6], the inflammatory phase
of the muscle injury is accompanied by an increased
ROS and RNS production and a reduced activity in anti-
oxidant enzymes. This imbalance between prooxidants and
antioxidants, in favor of prooxidants, can generate oxida-
tive and nitrative stress in the tissue that contributes to

Table 1: Representation of the quality rating scale items for animal/tissue research scale (QATRS).

Item
Rating

Yes (2) Partial (1) No (0)

(1) Animals/tissue samples were randomly allocated to groups.

(2) The animals/tissue samples were similar across comparison groups.

(3) The tissue/animal model study was appropriate for the biological properties/questions being evaluated.

(4) The animal model used was appropriate to make inferences in terms of human application?
(tissue similar to, or is human tissue).

(5) Objective measurements were performed using sufficient standardization of measurement techniques
and appropriate instrumentation.

(6) Reliability of measurements was reported or referenced to indicate sufficient consistency of the
outcomes analyzed.

(7) Are all animals entered into the study accounted for? (All were analyzed or reasons for withdrawal
were noted).

(8) 90% of the animals entered were included in the data analysis.

(9) The between group/time statistical comparisons used appropriate statistical methods.

(10) Measures of variability and confidence intervals were provided to indicate the range/size of the
effects observed.

Total score (/20)

Table 2: Study characteristics of selected experimental controlled animal studies on low-level laser irradiation effects on oxidative stress.

Authors
Animal
type

Gender Animal race
Age

(months)
Weight (g) Induction model Site injury QATRS

Guaraldo et al. [5] Rat Male Wistar 24 517.7± 27.54 Fatigue Gastrocnemius 17

Ribeiro et al. [2] Rat Male Wistar — 250± 15 Cryolesion Tibialis anterior 19

Oliveira Silva
et al. [15]

Mice Mdx/C57 BL 4 — Fatigue Gastrocnemius/Soleus 19

Silveira et al. [3] Rat Male Wistar Adult 250–300 Trauma Gastrocnemius 19

Assis et al. [6] Rat Male Wistar Adult 300 Cryolesion Tibialis anterior 19

Davila et al. [17] Rat Female Wistar 5 200± 20 Carrageenan λ
(type IV)

Gastrocnemius 19

Servetto et al. [14] Rat Female — — 250–300 Adrenaline Left posterior limb muscle 19

Rizzi et al. [1] Rat Male Wistar — 250–300 Impact blunt trauma Gastrocnemius 19
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activate NF-κB, a pleiotropic transcription factor responsi-
ble for multiple changes in gene expression in the inflam-
matory process.

The muscle traumatic injuries especially in the acute
phase benefited from the ROS, which in combination with
growth factors and cytokines, are important to the muscle
repair due to the redirection of myogenic precursor cells
(satellite cells to the injury site). Cause apoptosis in satellite

cells [20] as differentiated adult skeletal muscle fibers has
scarce ability to repair and regenerate themselves when a
cellular injury exists; satellite cells have the capacity to prolif-
erate and differentiate, with vital properties to repair the
injured tissue [21]. In this context, satellite cells and their
response to oxidative stress are important to mature skeletal
muscle performance. In addition, photobiomodulation with
low-level laser caused a protective effect on myoblasts [22].

Table 3: Study characteristics of selected experimental controlled animal studies on low-level laser irradiation effects on oxidative stress.

Authors
Sample
size

Group
number

Number of
animals/group

Dependent variables

Guaraldo et al. [5] 30 05 06
Biomarkers of oxidative stress (CAT, SOD, and GPX); biomarkers of

lipid peroxidation.

Ribeiro et al. [2] 80 06 05/15 Chemoluminescence; protein oxidation; antioxidant enzyme activity

Oliveira Silva et al. [15] 28 04 07
Histology; quantification total creatine kinase; protein carbonyl;

detection of superoxide dismutase

Silveira et al. [3] 18 03 06
Serum creatine kinase activity; hydroxyproline measurement;

superoxide anion production; lipid peroxidation assay;
superoxide dismutase; protein determination

Assis et al. [6] 60 03 20

Muscle evaluation; muscle morphological analysis; lipid peroxidation;
NO production; immunoblotting; dot blot (for detection of

nitrotyrosine formation); cytokine measurements (ELISA); total RNA
isolation and real-time PCR

Davila et al. [17] 70 07 10 Histological analysis; plasma collection; muscle tissue collection

Servetto et al. [14] 48 06 08 Plasma collection; muscle tissue collection; spectrophotometry in plasma

Rizzi et al. [1] 90 3 30
Histology; collagen quantification; TBARS analysis; Western blot

analysis; electrophoretic mobility shift assay

Table 4: Study characteristics of selected experimental controlled animal studies on low-level laser irradiation effects on oxidative stress.

Authors
Wavelength

(nm)

Energy
density
(J/cm2)

Energy
(J)

Power
density
(W or

mW/cm2)

Spot
size
(cm2)

Irradiation
time per
point
(sec)

Duration of
treatments
(days)

Treatment
frequency
(days)

Laser
frequency

(Hz)

Power
(mW or W)

Guaraldo
et al. [5]

808 144 4 1.071 0.028 40 — 6 weeks — 100W

Ribeiro
et al. [2]

780/660 10 3.2 1 — 10 7
1, 3, and 7 after
the induction
of injury

— 40mW

Oliveira
Silva
et al. [15]

808 107 — 1027 0,028 100 3
Consecutive

days
— 30mW

Silveira
et al. [3]

904 5 2.5 400 0.10 12.5 5

2, 12, 24, 48,
72, 96, and

120 hours after
the trauma

9.500
40mW

(peak power
70W)

Assis
et al. [6]

808 180 1.4 3.8 0.00785 47 4
Consecutive

days
— 30mW

Davila
et al. [17]

632.8/904 9.5 — — — 60/47 10
Consecutive

days
— 5/12mW

Servetto
et al. [14]

632.8/904 9.5 — — — 60/47 7
Consecutive

days
— 5/12mW

Rizzi
et al. [1]

904 5 J — — — 35 7 or 14 Daily — 45mW
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However, high levels of ROS for a long period in the
injured area can cause oxidative harm (secondary damage)
by directly reaching vital cell constituents, such as lipids,
proteins, and DNA, in addition to interfering negatively in
the differentiation of muscle cells [2].

Therefore, we can verify that both the traumatic lesions
induced by the use of cold are adequate as models of ROS
generation and consequently oxidative stress. The literature
has also demonstrated the use of exercise of high intensity
[15] with the aim of generating muscle fatigue and conse-
quently oxidative stress can be good indicators for this type
of analysis.

Although the focus of the current review is centered on
the parameters of dosimetry used during photobiomodula-
tion, it aims to mitigate the oxidative stress and improve
the antioxidant ability of the skeletal muscle. In this respect,
we realized that there is an agreement on the type of wave-
length used in studies ranging from red (632,8 nm) [14, 17]
to the infrared (780, 808, and 904 nm) [1–3, 5, 6, 14, 17],
being that 30% of the studies offered to make a compari-
son between the wavelengths (780/660 nm) [2] and (632.8/
904nm) [14, 17], being that in three comparisons these
studies obtained better results in the use of infrared (Table 4).

The effective tissue penetration of light and specific
wavelength of light absorbed by photoacceptors are two of
the major parameters to be considered in light therapy. In
the tissue, there is an “optical window” that runs approxi-
mately from 650nm to 1200 nm where the effective tissue
penetration of light is maximized [15].

Regarding the power of light used in the studies, we also
observed a wide variation between 5mW and 100mW, being
that 60% of these studies ranged between 35 and 45mW.
Regarding the energy densities (fluence), 100% of the studies
described the dose that ranged between 180 and 5 Jcm2. If on
the one hand, all the studies analyzed described the parame-
ters mentioned above, on the other hand 50% did not
describe what area of the laser beam [1, 2, 14, 17] was used,
as well as power density (irradiance) 30% [1, 14, 17] and
energy in Joules 50% [1, 14, 17] (Table 4). The absence of
these parameters weakens the studies once the literature has
shown that the results of photobiomodulation depends on
the irradiation time and dose used. If we take into account

that different areas of beam and powers propose different
irradiation times and densities of different energies, the
reproducibility of these studies are threatened. This can be
verified at the great variations presented in the irradiation
time per point.

The fluence (energy density) used is generally between
1 and 20 J/cm2 while the irradiance (power density) can
vary widely depending on the actual light source and spot
size; values from 5 to 50mW/cm2 are common for stimu-
lation and healing, while much higher irradiances (up to
W/cm2) can be used for nerve inhibition and pain relief.
PBMT is typically used to promote tissue regeneration,
reduce swelling and inflammation, and relieve pain and
is often applied to the injury for 30 seconds to a few
minutes or so, a few times a week for several weeks [23].
According to Araruna Alves et al. [24], all these aspects
must be disclosed in scientific research so that the study
becomes reproducible and has measurable outcomes. There-
fore, with standardization of the use of the laser, its mecha-
nism of action and its results would be clarified, thus
ensuring positive results with the use of photobiomodulation
and advances in rehabilitation sciences.

It is accepted that the migration of inflammatory cells
(such as neutrophils and macrophages) to the muscle site
required during exercise and under this condition cells of
inflammatory cells are a source of ROS. Thus, it is possible
to imagine that the oxidative muscular homeostasis linked
to PBMT could be mediated by its anti-inflammatory action,
inhibiting/attenuating the of inflammatory cell migration,
then, the ROS source. In addition, PBMT application has
been reported to induce superoxide dismutase (SOD)
increases, in which could contribute to alleviate the muscle
damage by reducing oxidative stress. In fact, SOD is an
enzyme with elevated capacity of scavenging O2 radicals. It
has also been shown that some light wavelengths are
absorbed by hemoglobin, releasing nitric oxide from the
nitrosothiols in the beta chain of the hemoglobin molecule
(Mittermayr et al. [25]; Vladimirov et al. [26]; and
Vladimirov et al. [27]. Since during exercise (mainly aerobic)
there is a greater influx of blood to the active muscle, LLLT
could potentialize the release of nitric oxide to modulate
oxidative stress (Figure 2).

Based on the results of the studies included in this review,
there is sufficient evidence to suggest that photobiomodula-
tion is an effective short-term approach for reducing TBARS
levels and antioxidants levels (Table 5). Furthermore, the
parameters used for PBMT in the studies examined, such as
laser output, irradiation distance, irradiation frequency per
day, number of treatment sessions, irradiated energy per
day, and the total energy irradiated, did not meet the current
recommendations for reproducible studies. It is necessary
to establish the optimal dosage and exposure levels neces-
sary for achieving results in decreased oxidative stress in
muscle injury.

5. Conclusions

Although the small number of studies limits the systematic
review on photobiomodulation, evidence was found to

Table 5: Study characteristics of selected experimental controlled
animal studies on low-level laser irradiation effects on oxidative
stress.

Authors
Positive effects:

statistically significant
Positive effects:
not significant

No
effect

Guaraldo et al. [5] X

Ribeiro et al. [2] X

Oliveira Silva
et al. [15]

X

Silveira et al. [3] X

Assis et al. [6] X

Davila et al. [17] X

Servetto et al. [14] X

Rizzi et al. [1] X
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suggest que PBMT is an effective short-term approach for
reducing oxidative stress in muscle injury. However, lack
of uniformity in the terminology used to describe parame-
ters and the dose used for PBMT limits the ability to reach
firm conclusions.
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Central core disease (CCD) is a congenital myopathy linked to mutations in the ryanodine receptor type 1 (RYR1), the sarcoplasmic
reticulum Ca2+ release channel of skeletal muscle. CCD is characterized by formation of amorphous cores within muscle fibers,
lacking mitochondrial activity. In skeletal muscle of RYR1Y522S/WT knock-in mice, carrying a human mutation in RYR1 linked
to malignant hyperthermia (MH) with cores, oxidative stress is elevated and fibers present severe mitochondrial damage and
cores. We treated RYR1Y522S/WT mice with N-acetylcysteine (NAC), an antioxidant provided ad libitum in drinking water for
either 2 or 6 months. Our results show that 2 months of NAC treatment starting at 2 months of age, when mitochondrial and
fiber damage was still minimal, (i) reduce formation of unstructured and contracture cores, (ii) improve muscle function, and
(iii) decrease mitochondrial damage. The beneficial effect of NAC treatment is also evident following 6 months of treatment
starting at 4 months of age, when structural damage was at an advanced stage. NAC exerts its protective effect likely by lowering
oxidative stress, as supported by the reduction of 3-NT and SOD2 levels. This work suggests that NAC administration is
beneficial to prevent mitochondrial damage and formation of cores and improve muscle function in RYR1Y522S/WT mice.

1. Introduction

Central core disease (CCD), one of the most common human
congenital myopathies, is an inherited neuromuscular dis-
order characterized by hypotonia and proximal muscle
weakness, which cause motor developmental delay in chil-
dren [1, 2]. Diagnosis of CCD is confirmed by histological
examination of muscle biopsies showing amorphous cen-
tral areas (i.e., cores) lacking glycolytic/oxidative enzymes
and mitochondria [3]. Disorganization of contractile and
sarcotubular systems is also typical in cores [4]. To date,
management of patients/children is essentially supportive
and based on physiotherapic approaches and no curative
treatments are available. Hence, a deeper understanding
of the molecular mechanisms underlying mitochondrial

damage and formation of cores in CCD is needed to
develop effective therapeutic interventions.

In humans, about 90% of CCD cases are linked to muta-
tions in the ryanodine receptor type 1 (RYR1) gene [5],
encoding for the sarcoplasmic reticulum (SR) Ca2+ release
channel of skeletal muscle. RYR1 is a large protein of about
2200 kDa specifically localized in calcium release units
(CRUs), the intracellular junctions formed by the close appo-
sition of transverse-tubules (TT) to the SR. RYR1 in CRUs is
part of macromolecular complex deputed to excitation-
contraction (EC) coupling, the mechanism that allows trans-
duction of the action potential into Ca2+ release from the SR
[6, 7]. Mutations in RYR1 gene, which causes abnormalities
in the opening probability of the Ca2+ channel, are also often
associated to malignant hyperthermia (MH) susceptibility,

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2017, Article ID 6792694, 15 pages
https://doi.org/10.1155/2017/6792694

https://doi.org/10.1155/2017/6792694


an inherited pharmacogenetic subclinical myopathy, char-
acterized by a life-threatening hypermetabolic response to
commonly used halogenated/volatile anesthetics (i.e., halo-
thane, isofluorane) [8, 9]. An association between CCD
and MH exists as individuals with MH may have muscle
biopsies with cores [10, 11], while CCD patients may be
at risk for hyperthermic episodes during anesthetic proce-
dures, as also confirmed by in vitro caffeine-halothane
contracture testing (either IVCT, in vitro contracture test,
or the CHCT, caffeine-halothane contracture test), per-
formed on muscle biopsies [2, 12–14].

In the 2006, an animal model (RYR1-Y522S knock-in
mice) carrying a human gain-of-function mutation associated
to MH, skeletal muscle weakness, and formation of cores was
generated and characterized [10]. Heterozygous Y522S mice
(RYR1Y522S/WT) suffer lethal MH crises when acutely exposed
to both anesthetics and heat [15, 16] and develop structural
cores [17]. Muscles of RYR1Y522S/WTmice also exhibit amarked
temperature-dependent increase in resting myoplasmic Ca2+,
excessive oxidative stress [16], and enhanced mitochondrial
superoxide flashes activity [18]. The current view of the molec-
ular mechanisms underlying the phenotype of RYR1Y522S/WT

mice is that the Y522S mutation promotes a significant
increase of the opening probability of the RYR1 channel,
which causes SR Ca2+ leak and overproduction of reactive oxy-
gen and nitrogen species (ROS and RNS), as a consequence of
the increased Ca2+-dependent mitochondrial activity. In turn,
excessive ROS and RNS would determine nitrosylation/glu-
tathionylation of RYR1, oxidative modifications responsible
of further increase of RYR1 opening probability [16]. The
feed-forward mechanism triggered by ROS/RNS would in
principle play a pivotal role: (i) acutely, in anesthetic- and
heat-induced lethal MH episodes and (ii) chronically, in mito-
chondrial damage and development of cores, two types of
structural alterations that resemble CCD in humans [17].

Here, we treated RYR1Y522S/WT mice with N-
acetylcysteine (NAC), a potent antioxidant provided ad
libitum in drinking water (1% w/v) for either 2 months
(2–4 months of age, starting when mitochondrial and fiber
damage was still minimal) or 6 months (4–10 months of age;
starting when structural damage was already at an advanced
stage) [17], and evaluated the effect of this pharmacological
treatment on formation of cores, muscle function, mitochon-
drial damage, and levels of oxidative stress in extensor digi-
torum longus (EDL) muscles. The results collected in this
study indicate that NAC administration is beneficial to
prevent/reduce mitochondrial damage and formation of
cores and improve muscle function in RYR1Y522S/WT mice.

2. Materials and Methods

2.1. RYR1Y522S/WT Mice.Heterozygous Y522S mice were gen-
erated as previously described [15]. Mice were housed in
microisolator cages at 20°C in a 12 hr light/dark cycle and
provided free access to water and food. Animals used in this
study were all males, and analyses were carried out in EDL
muscles. All experiments were conducted according to the
Directive of the European Union 2010/63/UE, and animal
protocols were approved by the Committee on the Ethics of

Animal Experiments of the University of Chieti (15/2011/
CEISA/COM). All surgeries were made to minimize animal
suffering; animals were anesthetized and then sacrificed by
cervical dislocation.

2.2. NAC Treatment. RYR1Y522S/WT mice were randomly
assigned to the experimental groups: untreated or NAC-
treated RYR1Y522S/WT mice. NAC (Sigma-Aldrich, Milan,
Italy) was provided in vivo in drinking water at the final con-
centration of 1% weight/volume (1% w/v) as previously
described [19] for either 2 months (from 2–4 months of
age) or 6 months (from 4–10 months of age).

2.3. Preparation and Analysis of Samples in Light and
Electron Microscopy (EM). EDL muscles were dissected, fixed
at room temperature with 3.5% glutaraldehyde in 0.1M
NaCaCo buffer (pH7.2), and kept at 4°C in fixative until fur-
ther use. Small bundles of fixed muscles were then postfixed,
embedded, stained en-block, and sectioned as previously
described [17, 20]. For EM, ultrathin sections (~50 nm) were
examined after staining in 4% uranyl acetate and lead citrate,
with a Morgagni Series 268D electron microscope (FEI
Company, Brno, Czech Republic), equipped with Megaview
III digital camera (Olympus Soft Imaging Solutions GmbH,
Munster, Germany) at 60 kV. For histology, 700 nm thick
sections were stained in a solution containing 1% Tolui-
dine blue O and 1% sodium borate tetra in distilled water
for 3min on a hot plate at 55–60°C. After washing and dry-
ing, sections were finally mounted with mounting medium
(DPX Mountant for histology, Sigma-Aldrich, Milan, Italy).

2.4. Quantitative Analysis in Histology and EM Preparations.
Consider the following:

(1) Histological sections were examined under direct
illumination and/or phase contrast optics with a
Leica DMLB fluorescence microscope (Leica Micro-
system, Vienna, Austria), and individual EDL fibers
were visually scored for the presence of either
unstructured or contracture cores as in [17].

(2) Number/area, size, and volume of mitochondria (and
number/area of CRUs and mitochondria CRU pairs)
were determined in EDL fibers as follows: (a)
Mitochondrial volume was determined using the
well-established stereology point-counting technique
[21, 22] in micrographs taken from transversal sec-
tions at magnification 7100x. Briefly, after superim-
posing an orthogonal array of dots at a spacing of
0.20μm to the electron micrographs, ratio between
numbers of dots falling within mitochondrial profiles
and total number of dots covering the whole image
was used to calculate the relative fiber volume occu-
pied by mitochondria. (b) Number of severely dam-
aged mitochondria was counted in longitudinal
sections, and their frequency was reported as an aver-
age number in 100μm2 and as % of mitochondria
evaluated. Mitochondria were classified as severely
damaged as previously described [17]. (c) Average
mitochondrial size (nm2) of apparently normal
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mitochondria was measured in longitudinal sections
using the analysis software of the EM digital camera
(Olympus Soft Imaging Solutions GmbH, Munster,
Germany). Severely damagedmitochondria, included
in (b), were excluded from this analysis. (d) Number/
area of CRUs, mitochondria, and mitochondria CRU
pairs was also evaluated in longitudinal sections and
reported as the average number in 100μm2.

2.5. Immunolabeling and Confocal Microscopy (CM). EDL
muscles were dissected from sacrificed mice and fixed with
paraformaldehyde 2% for 1-2 hrs at room temperature. Small
bundles of muscles were processed for double immunostain-
ing as previously described [23]. Primary antibodies used (a)
mouse monoclonal anti-RyR1/RyR3 34C (1 : 20) (Develop-
mental Studies Hybridoma Bank, University of Iowa, Iowa,
USA) and (b) rabbit polyclonal antimitochondrial preprotein
translocases of the outer membrane, TOM20 (1 : 50) (Santa
Cruz Biotechnology, Inc., Dallas, TX, USA). Secondary anti-
bodies used (a) Cy5-labeled goat anti-mouse IgG and (b)
Cy3-labeled goat anti-rabbit IgG (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA). Images were acquired
using a Zeiss LSM510 META laser-scanning confocal micro-
scope system (Zeiss, Jena, Germany) equipped with Zeiss
Axiovert 200 inverted microscope and a Plan Neofluar
oil-immersion objective (63X/1.3 NA). Negative controls
for each immunostaining assay were performed by immu-
nolabeling of samples with only secondary antibodies.

2.6. Quantitative Plasma and Serum Analyses. Blood levels of
creatine kinase (CK) and lactate dehydrogenase (LDH),
markers of fiber damage, were spectrophotometrically mea-
sured in serum (CK) and plasma (LDH) samples obtained
from mice as previously described [19], by using a Screen
Touch Master spectrophotometer (Hospitex Diagnostic,
Sesto Fiorentino, Italy).

2.7. Calpain Activity. The activity of calpain was measured in
total hind limb muscle homogenates, by a chemilumines-
cence assay using a Calpain Protease Assay kit (Calpain-
Glo Protease Assay®, Promega; Madison, WI, USA). The
assay provides a proluminescent calpain substrate, in a buffer
system optimized for calpain and luciferase activities. During
the assay, calpain cleavage of the substrate generates a glow-
type luminescent signal produced by the luciferase reaction.
In this homogeneous, coupled-enzyme format, the signal is
proportional to the amount of calpain activity present in
the sample [24]. In this study, total hind limb muscle homog-
enates were prepared at a concentration of 6.25mg/mL in
10mM KH2PO4 buffer, pH7.4 in 0.9% NaCl and finally
processed according to the manufacturer’s instructions.
Results are expressed as calpain activity/mg of muscle tissue.

2.8. Carbonyl Protein Content. Protein carbonyl group for-
mations are classic and immediate biomarkers of oxidative
modification to proteins, which may promote disorganiza-
tion of contractile structures [25, 26]. 2,4-Dinitrophenylhy-
drazine (DNPH) tagging of protein carbonyls has been one
of the most common measures of oxidative stress and

consequent protein damage. Carbonyl protein content was
measured as previously described [25], with modifications.
Briefly, a mix of total hind limb muscles (50mg/mL) was
homogenized in 50mM phosphate buffer, 1mM ethylenedia-
mine tetraacetic acid, pH7.4, and tissue samples were centri-
fuged at 600g/10min/4°C. A volume of 200μL of DNPH was
added to 200μL of supernatant and incubated at room tem-
perature. After a 30min incubation, 100% trichloroacetic
acid (TCA) was added and samples were placed on ice for
5min and then spinned at maximal speed for 2min. Super-
natants were discarded without disturbing pellets, which
were washed in cold acetone and placed at −20°C for 5min.
Then, acetone was carefully removed, and pellets were dis-
solved in 0.5mL 6M guanidine hydrochloride to be read
at 375nm. To calculate the protein carbonyl content, the fol-
lowing formula was used: C= [(OD 375nm)/6.364× (100)]
nmol/well, where 6.364 is the extinction coefficient using
the enclosed 96-well plates in mM (=22mM-1 cm-
1× 0.2893 cm path length in well). Results were expressed
as nmol carbonyl/mg of total protein, which were quantified
in each sample at 280nm.

2.9. Western Blot Analyses. For assessment of 3-nitrotyrosyne
(3-NT) content, mixed muscles from hind limb were homog-
enized on ice in a buffer containing 50mM Tris-HCl, pH7.4;
1% NP-40; 0.25% sodium deoxycholate; 150mM NaCl;
1mM EDTA; 1mM PMSF; protease inhibitors. After centri-
fugation at 10000g for 15min at 4°C, supernatants were
collected and total protein concentration was determined
using Bio-Rad Protein assay (Bio-Rad laboratories, CA).
40μg of total proteins was separated by SDS-PAGE in a
10% polyacrylamide gel, followed by western blotting using
anti 3-NT mouse monoclonal antibody (1 : 500, Merk
Millipore, Milan, Italy) and a horseradish peroxidase-
(HRP-) conjugated anti-mouse secondary antibody (Merck
Millipore, Darmstadt, Germany). Visualization and densito-
metric quantification of signals were done using the imaging
system Alliance Mini 4 with Alliance 1D MAX software
(UVItec, Cambridge, UK). After measuring 3-NT, the
membranes were stripped by Tris/SDS buffer with 2-
mercaptoethanol. After blocking, the membranes were incu-
bated with anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibody (OriGene, Rockville, MD, USA) for
normalization to the protein content within each band.

For assessment of Cu/Zn-superoxide dismutase (SOD1)
and Mn-superoxide dismutase (SOD2) protein levels, west-
ern blot experiments were performed as follows: mixed mus-
cles from hind limb were homogenized on ice in RIPA buffer
(50mM Tris-HCl, pH8.0; 150mMNaCl; 0.5% sodium deox-
ycholate; 0.1% SDS; 1% NP-40; 0.1mM PMSF; protease
inhibitors). Homogenates were centrifuged at 10000g for
15min at 4°C, supernatants were collected, and total protein
concentration was determined using Bio-Rad Protein assay
(Bio-Rad laboratories, Hercules, CA, USA). Protein samples
(5μg), solubilized in 2× sample buffer (125mM Tris-HCl,
pH6.8; 4% SDS; 20% glycerol; 0.004% bromophenol blue;
10% 2-mercaptoethanol), were loaded on a 12% acrylamide
gel, separated by SDS-PAGE, and transferred to nitrocellu-
lose membrane. Membranes were probed using primary
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antibodies against SOD1 (1 : 1000, Santa Cruz Biotechnology,
Dallas, TX, USA), SOD2 (1 : 2000, Santa Cruz Biotechnology,
Dallas, TX, USA), and GAPDH (1 : 10000, OriGene, Rock-
ville, MD, USA) overnight at 4°C. HRP-conjugated anti-
mouse or rabbit (1 : 10000, Merck Millipore, Darmstadt,
Germany) was used as a secondary antibody, and peroxidase
activity was detected using an enhanced chemiluminescence
(ECL) kit (Perkin Elmer, Waltham, MA, USA). The bands
were visualized, and densitometric quantification of signals
was performed using the imaging system Alliance Mini 4
with Alliance 1D MAX software (UVItec, Cambridge, UK).

2.10. Grip Strength Test. Strength developed by mice during
instinctive grasp was measured as previously described [27].
Briefly, mice were held by the tail and allowed to firmly
grasped to a metal grating, connected to the shaft of a Shimpo
Fgv 0.5X force transducer (Metrotec Group, Lezo, Spain),
with fore and hind limbs before a gentle pull was exerted
on the tail. Measurements of peak force generated by each
mouse were repeated three times with appropriate intervals
(at least 30 sec) to avoid fatigue, and the highest value of peak
force (normalized to total body mass) measured before each
experiment was used.

2.11. Force and Contraction Kinetics of Intact EDL Muscles.
EDL muscles were dissected from WT, untreated
RYR1Y522S/WT, and NAC-treated RYR1Y522S/WT mice and
placed in a dish containing Krebs solution with the following
composition in mM: 118 NaCl, 4.7 KCl, 1.2 MgSO4, 2.5
CaCl2, 1.2 KH2PO4, 25 NaHCO3, and 11 glucose. Individual
EDLs were then pinned, tied with fine silk sutures at each
end, and mounted vertically between two platinum elec-
trodes immersed in an organ chamber filled with Krebs solu-
tion and attached to a servo motor and force transducer
(model 1200A, Aurora Scientific, ON, Canada). Temperature
was kept between 23–25°C. Before starting the experimental
protocol, stimulation level and optimal muscle length (L0)
were determined using a series of 80Hz-tetani in order
to stretch the muscle to the length that generated maximal
force (F0). After optimization of the stimulation condi-
tions, EDL muscles were subjected to a force-frequency
protocol based on a series of train pulses of 500ms dura-
tion each as follows (in Hz): 1, 5, 10, 20, 40, 60, 80, 100,
120, and 140. After 5min at rest, the same EDL muscles
were subjected to a single-sustained high frequency tetanus
(120Hz, 2 sec). Muscle force was recorded using a dynamic
muscle control (DMC) software and analyzed using dynamic
muscle analysis (DMA) software (both from: Aurora Scien-
tific, ON, Canada). Specific force (mN/mm2) was calculated
by normalizing the absolute force (mN) to the cross sectional
area (CSA, mm2) obtained as the following: muscle wet
weight (mg)/L0 (mm)∗ 1.06 (mg/mm3).

2.12. Statistical Analyses. Statistical significance for the quan-
titative analysis of fibers presenting structural alterations (i.e.,
unstructured and contracture cores) was evaluated using two-
tailed Fisher’s exact test. One-way ANOVA followed by post
hoc Tukey test was used for statistical analyses of all other
experiments except for those regarding the time courses of

in vivo grip strength and the force-frequency of intact EDL
muscles, in which repeated measures ANOVA was used
followed by post hoc Tukey test for the pairwise compari-
sons. In all cases, differences were considered statistically
significant at p < 0 05. Two-tailed Fisher’s exact tests were
performed using GraphPad software, whereas one-way
ANOVA and repeated measures ANOVA were performed
using Origin 8.0 software.

3. Results

The effect of NAC treatment on structure, function, and oxi-
dative stress levels of EDL muscles from RYR1Y522S/WT mice
was evaluated at (a) 4 months of age after 2 months of treat-
ment (starting when mitochondrial and fiber damage was
still minimal) and at (b) 10 months of age after 6 months of
treatment (starting when mitochondrial damage was already
at an advanced stage) [17]. In the manuscript, we will refer to
2 and 6 months of treatment as short-term and long-term
NAC treatments, respectively.

3.1. NAC Treatment Reduces Formation of Structural Cores,
Fiber Damage, and Proteolytic Degradation in EDL Muscles
of RYR1Y522S/WT Mice. Skeletal fibers from RYR1Y522S/WT

mice develop unstructured and contracture cores [17]. To
evaluate the effect of NAC in reducing formation of cores,
using histological sections, we analyzed and classified
fibers in three different categories, as previously described
[17]: (a) normal fibers, presenting a well-preserved cross
striation pattern (Figure 1(a)); (b) fibers with unstructured
cores, presenting extensive areas lacking cross striation
(Figure 1(b), asterisks); and (c) fibers with contracture
cores, exhibiting areas of extreme sarcomere shortening
(Figure 1(c), arrows). Quantitative analysis of the relative
percentage of fibers, presenting the different features, indi-
cates that NAC treatment was effective in preventing the
formation of structural cores (Figure 1(d) and Table S1
available online at https://doi.org/10.1155/2017/6792694).
Specifically, unstructured and contracture cores, which are
not present in WT fibers, were found, respectively, in 14%
and 23% of fibers in RYR1Y522S/WT EDL muscles
(Figure 1(d)). However, following NAC treatment, the num-
ber of RYR1Y522S/WT EDL fibers containing unstructured and
contracture cores was significantly reduced to 6% and 3%,
respectively (Figure 1(d)). The decrease in the number of
fibers containing cores results in a parallel increase in the
percentage of normal fibers (from 63 to 92%). Data plotted
in Figure 1 are available in Table S1.

As fiber damage results in changes in blood parameters,
we performed biochemical measurements of markers of
muscle damage in blood samples. Specifically, we evaluated
serum and plasma levels of the muscle-specific isoforms of
creatine kinase (CK, in serum) and lactate dehydrogenase
(LDH, in plasma) [28]. Consistent with the higher percentage
of fibers presenting structural alterations, in RYR1Y522S/WT

samples, both CK and LDH levels were about ~30% higher
than those in aged-matched WT mice (Figures 1(e) and
1(f )). The protective effect of NAC was confirmed by these
experiments: 2 months of NAC treatment was effective in
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reducing the amount of both CK and LDH in blood samples
from RYR1Y522S/WT mice to values closer to that of WT
(Figures 1(e) and 1(f )), a result consistent with the significant
reduction in the incidence of fibers presenting unstructured
and contracture cores (Figure 1(d)).

We also analyzed EDL muscles using a combination of
immunofluorescence for CM and EM and assessed proteo-
lytic degradation by measuring calpain activity and carbonyl
protein content (Figure 2). In adult EDL fibers from WT
mice, both CRUs, marked with an antibody that recognized
RYR1, and mitochondria, marked with an antibody that
labels translocase of outer mitochondrial membrane 20
homolog (TOM20), form double rows of cross striation
(Figure 2(a) and inset). This fluorescence pattern is consis-
tent with positioning of both CRUs and mitochondria at
the I band, on either side of the Z-line (pointed by arrows
in Figures 2(b) and 2(f); see [20] for additional detail on
the specific disposition of CRUs and mitochondria in adult
skeletal fibers). In RYR1Y522S/WT EDL fibers, this precise
cross striation pattern was often compromised (arrow in
Figure 2(c) and inset). These areas lacking staining (pointed
by arrows in Figure 1(c)) reflect the presence of contracture

cores, visible in EM as regions with shortened sarcomeres
(arrow in Figure 2(d)). NAC treatment in RYR1Y522S/WT

mice restored the cross striation pattern in the large majority
of fibers (consistent with reduction of fibers with cores;
Figure 1(d)): both red and green staining were perfectly
transversal (Figure 2(e)), while ultrastructure of myofibrils
and sarcomeres at the EM examination was virtually indis-
tinguishable from that of WT fibers (compare Figures 2(b)
and 2(f)).

The RYR1-Y522S mutation causes leak of Ca2+ from the
SR [16]. As excessive myoplasmic Ca2+ concentration acti-
vates calpains that cleave a variety of substrates, including
myofibrillar proteins [24, 29, 30], calpain-mediated degrada-
tion could contribute to the ultrastructural alterations
observed in RYR1Y522S/WT muscle fibers. We measured the
total calpain activity, which was markedly elevated in
muscles from RYR1Y522S/WT compared to that from WT
(Figure 2(g)), but lowered to levels very similar to those from
WT following NAC treatment (Figure 2(g)). In addition,
we also evaluated the total carbonyl protein content in
the same muscle homogenates, an important biomarkers
of oxidative modification of proteins [25, 26]. Also in this
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Figure 1: Structural cores and blood markers of muscle damage (CK and LDH) at 4 months of age. (a–c) Representative histological images of
normal fibers (a), fibers with unstructured cores (b), and fibers with contracture cores (c). (d) Percentage of EDL fibers presenting the features
classified in (a–c) (white: normal fibers; grey: fibers with unstructured cores; and dark grey: fibers with contracture cores). See also Table S1.
(e and f) Serum levels of creatine kinase (CK) and lactate dehydrogenase (LDH). In (e) and (f ), data are given as mean± SEM; ∗p < 0 05, WT
versus RYR1Y522S/WT mice; #p < 0 05, untreated RYR1Y522S/WT versus NAC-treated RYR1Y522S/WT mice. In (d), n=number of fibers analyzed;
in (e-f ), n=number of mice. Scale bar: 10 μm.
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case, the total amount of carbonyl proteins, which was
abnormally elevated in RYR1Y522S/WT, was lowered of
about 20% by NAC treatment, although it remained still
higher than that in WT (Figure 2(h)).

3.2. NAC Treatment Improves In Vivo Grip Strength and Ex
Vivo Muscle Contractile Function in RYR1Y522S/WT Mice. As

NAC treatment was very effective in protecting muscle fibers
of RYR1Y522S/WT mice from structural damage, we per-
formed in vivo grip strength test and ex vivo contractile
experiments on intact EDL muscles, to evaluate whether
NAC was also able to improve muscle function of
RYR1Y522S/WT knock-in mice. Grip strength was evaluated
at 3 different time points between 2 (beginning of the short-
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Figure 2: Fiber ultrastructure, calpain activity, and carbonyl protein content at 4 months of age. (a–f ) Representative immunofluorescence
and EM images showing fluorescent cross striation (a, c, and e) andmyofibrillar/sarcomeric organization (b, d, and f) in EDL fibers. In (b) and
(f ), small arrows point at Z-lines, while in (c and d) large arrows point to areas in which cross striation and sarcomeric structure are
compromised. (g) Calpain activity expressed in total hind limb muscle homogenates. (h) Carbonyl protein content in EDL muscle
homogenates. In (g and h), data are given as mean± SEM; ∗p < 0 05, WT versus RYR1Y522S/WT mice; #p < 0 05, untreated RYR1Y522S/WT

versus NAC-treated RYR1Y522S/WT mice. In (g and h), n=number of mice. Scale bars in (a, c, and e) 10μm (insets 5μm); in (b, d, and f ) 1μm.
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termNAC treatment) and 4 months of age (end of short-term
NAC treatment). Results of these evaluations of force are
plotted in Figures 3(a) and 3(b). While no significant differ-
ence was found among the three groups of mice tested at 2
months of age, in the following 2 months, (a) WT mice
showed a small, but progressive, rise in grip strength of about
10%; (b) untreated RYR1Y522S/WT mice exhibited a pro-
nounced decay, with a force reduction of about 20%; and
finally (c) NAC-treated RYR1Y522S/WT mice displayed an

ameliorated muscle function compared to untreated
RYR1Y522S/WT mice, with a reduction in grasp force of only
4%. To verify if NAC treatment directly improved muscle
function, we evaluated ex vivo force-frequency and 2-
second tetanic force in isolated EDL muscles at 4 months of
age using an in vitro setting (Figures 3(c) and 3(d)). The
force-frequency relationship curves during high-frequency
stimulation (from 80Hz to 140Hz) plotted in Figure 3(c)
showed that EDL muscles from RYR1Y522S/WT mice
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Figure 3: In vivo grip strength and ex vivo specific force at 4 months of age. (a) Time-course of grip strength from 2 (beginning of short-term
NAC treatment) to 4 months (end of short-term NAC treatment) of age expressed as force on body weight (N/g). (b) Change in grip strength
from 2 to 4 months of age (shown as a percentage). (c and d) Force-frequency (1–140Hz) relationship curves of specific force (c) and specific
force during a single 2 s, 120Hz stimulation train (d) recorded for the same EDL muscles. Data are given as mean± SEM; ∗p < 0 05, WT
versus RYR1Y522S/WT mice; #p < 0 05, untreated RYR1Y522S/WT versus NAC-treated RYR1Y522S/WT mice. In (b), n=number of mice; in (d),
n=number of EDL muscles.
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developed a specific force (mN/mm2) significantly lower than
that from WT, force that was efficiently rescued by NAC
treatment. Interestingly, the percentage of relative force,
normalized to the maximum (F0), for the half-maximal
frequency (Hz60) was significantly higher in RYR1Y522S/WT

muscles (87.7± 2.8) than that in the WT (74.8± 7.4) and
NAC-treated RYR1Y522S/WT (77.0± 5.6) muscles (Supple-
mentary Figure S2 A). We also evaluated the maximal force
developed by the same EDL muscles by applying a single
train stimulus (120Hz for 2 seconds) to generate a fused
tetanus (Figure 3(d)). EDL muscles from RYR1Y522S/WT

mice exhibited a maximal specific tetanic force significantly
lower to that developed by EDL muscles from WT mice
(227.2± 11.6 versus 264.0± 10.6 mN/mm2); while following
two months of NAC treatment, maximal specific tetanic
force expressed by EDL muscles from RYR1Y522S/WT mice

was rescued to values similar to those of WT muscles
(287.7± 8.8 mN/mm2) (Figure 3(d)).

3.3. NAC Treatment Reduces Mitochondrial Swelling and
Damage in EDL Muscle of RYR1Y522S/WT Mice. As previously
reported, mitochondrial damage underlies formation of cores
in RYR1Y522S/WT mice [17]. Here, we confirmed previous
findings: (a) damaged mitochondria (such as those in
Figures 4(b) and 4(c)) were significantly more frequent in
EDL fibers from RYR1Y522S/WT mice than in WT
(Figures 4(d) and 4(e)); (b) also, mitochondria that are
apparently normal (dark appearance, such as that in
Figure 4(a)) were larger in size, suggesting that the organelles
are swollen (Figure 4(f )); (c) total mitochondrial volume
was increased in fibers from RYR1Y522S/WT (Figure 4(g)).
Short-term NAC treatment significantly rescued all these
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Figure 4: Mitochondrial damage, size, and volume at 4 months of age. (a–c) Representative EM images displaying apparently normal (a) and
damaged mitochondria (b and c). (d) Percentage of damaged mitochondria. (e) Average number of damaged mitochondria/area of EM
section. (f) Average size of apparently normal mitochondria (i.e., mitochondria not included in the quantitative analysis of (d and e)).
(g) Percentage of fiber volume occupied by mitochondria. See also Table S2. Data are given as mean± SEM; ∗p < 0 05, WT versus
RYR1Y522S/WT mice; #p < 0 05, untreated RYR1Y522S/WT versus NAC-treated RYR1Y522S/WT mice. In (d and f ), n=number of
measurements; in (e and g), n=number of fibers analyzed. Scale bar: 0.1 μm.
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features: (a) the number of mitochondria presenting struc-
tural damage was decreased in fibers from mice treated with
NAC (Figures 4(d) and 4(e)); (b) treatment of RYR1Y522S/WT

mice with NAC was also effective in reducing the size of
apparently normal mitochondria and the relative fiber vol-
ume occupied by these organelles (Figures 4(f ) and 4(g)).
Data plotted in Figures 4(d), 4(e), 4(f ), and 4(g) are reported
in Table S2.

As in adult skeletal muscle, mitochondria are usually
closely associated with CRUs [20]; here, we verified whether
NAC exert a beneficial effect on the CRU-mitochondrial
interaction. We evaluated the frequency of mitochondria,
CRUs, and mitochondria-CRU pairs (Supplementary
Figure S1): (a) number/area of both mitochondria and CRUs
is decreased in RYR1Y522S/WT compared to that in WT
(Supplementary Figure S1 B and C), which in turn causes
a great reduction in the number/area of mitochondria-CRU
pairs (Supplementary Figure S1 D). Treatment with NAC
was able to partially rescue the number/area of mitochondria
(Supplementary Figure S1 B) and of mitochondria-CRU
pairs (Supplementary Figure S1 D). However, NAC was not
able to rescue the number/area of CRUs (Supplementary
Figure S1 C). Data plotted in Supplementary Figure S1
B-C are reported in Table S3.

3.4. NAC Was Effective in Preventing Decay of Muscle
Structure/Function in RYR1Y522S/WT Mice Also during Long-
Term Treatment. We have previously shown that fiber
damage in RYR1Y522S/WT mice becomes quite severe with
increasing age [17]. Here, we tested the long-term efficacy of
NAC in reducing/preventing structural and functional decay
of RYR1Y522S/WT

fibers by treating mice for 6 months with
NAC, starting at 4 months of age when structural damage
was already at an advanced stage. Results of these experi-
ments are shown in Figure 5: (a) the percentage of fibers
presenting unstructured and contracture cores (resp., 18%
and 30% in RYR1Y522S/WT mice) was significantly reduced
(10% and 13%, resp.) by NAC administration (Figure 5(a)).
Data plotted in Figure 5(a) are reported in Table S4. As done
in samples from 4-month-old mice treated for 2 months, we
also measured blood levels of CK and LDH at 10 months of
age following 6 months of NAC treatment: both CK and
LDH were significantly elevated in RYR1Y522S/WT muscles
compared to WT, but significantly lowered by NAC
(Figures 5(b) and 5(c)).

Rescue of muscle damage by the long-term NAC treat-
ment was also accompanied by functional improvements
(Figures 5(d), 5(e), 5(f), and 5(g)). Indeed, although grip
strength from 4 to 10 months of age show a slight
decrease in all groups of animals (Figure 5(d)), the time-
dependent decay of strength was significantly more pro-
nounced in RYR1Y522S/WT mice (~−30%), compared to both
WT (~−10%) and NAC-treated RYR1Y522S/WT (~−10%)
mice (Figure 5(e)). Finally, long-term NAC treatment was
also effective in restoring the kinetic-contractility properties
(i.e., force frequency and tetanic force) of isolated EDL mus-
cles from RYR1Y522S/WT mice, which were weaker than WT
when untreated (Figures 5(f) and 5(g) and Supplementary
Figure S2 B).

3.5. NAC Treatment Reduces 3-Nitrotyrosine (3-NT) and
SOD2 Levels in Skeletal Muscle from RYR1Y522S/WT Mice.
We measured in WT, and in untreated or NAC-treated
RYR1Y522S/WT mice (both at 4 and 10 months of age), (i)
levels of 3-Nitrotyrosine (3-NT), a product of nitration of
tyrosine residues of proteins mediated by RNS such as perox-
ynitrite anion and nitrogen dioxide, which are indicators of
oxidative protein damage and inflammation [31–34]; (ii)
expression levels of superoxide dismutase types 1 and 2
(SOD1 and SOD2), the two main intracellular enzymes,
respectively, localized in the cytoplasm and within mitochon-
drial matrix, that catalyze the dismutation of anion (O2

•−) into
O2 and hydrogen peroxide (H2O2) [35–37], the first step in
the elimination of reactive species of oxygen (ROS). WB
analyses (Figure 6(a and e)), performed on total hind limb
muscle homogenates, revealed that the amount of 3-NT
was significantly higher in RYR1Y522S/WT compared to WT
mice, with a ~1.5-fold increase (Figure 6(b and f)). NAC
treatment normalized 3-NT level to values similar to those
of WT mice (Figure 6(a, b, e, and f)). In the same samples,
we also measured SOD1 and SOD2 protein contents
(Figure 6(a and e)): while there were no differences in
SOD1 levels among the three groups of mice (Figure 6(a, c,
e, and g)), SOD2 in RYR1Y522S/WT muscles was ~1.5 times
higher than that in WT muscles (Figure 6(a, d, e, and h));
also, in this case, NAC treatment brought back SOD2 levels
to values closer to those of WT (Figure 6(a, d, e, and h)).

4. Discussion

The substitution of a tyrosine with a serine in position 522
(Y522S) of RYR1 results in gain-of-function of the SR Ca2+

release channel linked, in humans, to MH with formation
of cores [10]. The expression of this mutation in an animal
model successfully reproduced the human phenotype, as het-
erozygous RYR1Y522S/WT knock-in mice are MH susceptible
[15] and develop structural abnormalities resembling human
CCD [17]. The formation of unstructured and contracture
cores in RYR1Y522S/WT muscle fibers is initiated by mito-
chondrial damage, with abnormalities that then extend to
sarcotubular system and contractile elements [17]. The
mechanisms linking the RYR1 mutation to the mitochon-
drial damage in RYR1Y522S/WT muscle fibers are still not
fully understood: one possibility is that Ca2+-dependant
overproduction of ROS and RNS plays a direct role in the
destruction of mitochondria [16, 17].

4.1. Main Findings of the Present Paper: NAC Ameliorates
Structure and Function of RYR1Y522S/WT Muscle by
Reducing Oxidative Stress. NAC was previously used to
reduce oxidative stress and normalize SR Ca2+ release in
RYR1Y522S/WT mice and in [16] mice lacking calsequestrin-
1 (CASQ1-null) [19, 38]. NAC treatment also reduced the
rate of mortality [19] and prevented mitochondrial damage
[39] in CASQ1-null mice that, similarly to RYR1Y522S/WT

mice, triggers lethal MH episodes when exposed to haloge-
nated anesthetics and heat [40, 41]. The results of the present
paper demonstrate that NAC treatment in RYR1Y522S/WT

mice (i) reduces formation of unstructured and contracture
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Figure 5: Effects of long-termNAC treatment at 10 months of age. (a) Quantitative analysis of EDL fibers presenting the features classified in
Figures 1(a), 1(b), and 1(c) shown as percentage of fibers analyzed (white: normal fibers; grey: fibers with unstructured cores; and dark grey:
fibers with contracture cores). See also Table S4. (b and c) Serum levels of creatine kinase (CK) and lactate dehydrogenase (LDH). (d) Time
course of grip strength from 4 (beginning of long-term NAC treatment) to 10 months (end of long-term NAC treatment) of age expressed
as force on body weight (N/g). (e) Change in grip strength from 4 to 10 months of age (shown as a percentage). (f and g) Force-frequency
(1–140Hz) relationship curves of specific force (f ) and specific force during a single 2 s, 120Hz stimulation train (g) recorded for the same
EDL muscles. In s (b–g), data are given as mean± SEM; ∗p < 0 05, WT versus RYR1Y522S/WT mice; #p < 0 05, untreated RYR1Y522S/WT versus
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cores (Figures 1 and 2) and (ii) improves muscle function,
both in vivo (grip strength) and ex vivo during electrical stim-
ulation of isolated EDLs (Figure 3). The beneficial effect of
NAC treatment on structure/function of RYR1Y522S/WT mus-
cles is evident both when mice were treated starting at 2
months of age, that is, when mitochondrial and fiber damage
was still minimal, but also in mice treated for extended
periods (6 months of NAC administration; Figure 5) starting
at 4 months of age when structural damage was already at an
advanced stage, as quantitative analysis in Figure 4 points to
significant protection from mitochondrial damage. The
reduced formation of cores in NAC-treated RYR1Y522S/WT

mice could result from the beneficial effect that this treatment
exerts on mitochondrial morphology (Figure 4), as we
have previously shown that mitochondrial damage plays
a pivotal role in the formation of structural cores in this
mouse model [17].

The role that oxidative stress plays in the events leading
to mitochondrial damage and formation of cores in CCD
has been long discussed. Our present data shows that in
NAC-treated RYR1Y522S/WT mice, displaying improved fiber
structure/function and reduced mitochondrial damage
(Figures 1, 2, 3, 4, and 5), oxidative stress is significantly
lower than that in untreated RYR1Y522S/WT mice (Figure 6).
In line with these data, we have previously shown that treat-
ment with antioxidants (NAC and Trolox) also lowered

oxidative stress in mice with a similar phenotype [19, 39].
Specifically, levels of 3-NT and SOD2, but not of SOD1,
which were significantly increased in RYR1Y522S/WT muscles,
are reduced to levels more similar to WT following both
short- and long-term NAC treatments (Figure 6). In general,
the augmented expression of SOD1 and SOD2 likely reflects
a compensatory response to excessive production of ROS
[42], a finding in agreement with the observation that
the expression of both isoforms increased under different
physiopathological conditions in which oxidative stress is
elevated [23, 43–46]. The fact that the SOD2 isoform,
but not SOD1, is upregulated (Figure 6) suggests that (a)
the O2

•− generated in the mitochondrial matrix plays a
central role in the elevated oxidative stress damaging mito-
chondria and fibers in RYR1Y522S/WT muscles [18] and (b)
the effect of mitochondrial-targeted antioxidants should be
tested in future studies.

4.2. PossibleMolecularMechanisms Linking Excessive SRCa2+

Leak to Oxidative Stress, Mitochondrial Damage, and
Formation of Cores. In RYR1Y522S/WT

fibers, myoplasmic
Ca2+ and oxidative stress are both chronically elevated
[16, 18]. The Y522S gain-of-function mutation is directly
responsible of excessive SR Ca2+ leak, whereas the elevated
oxidative stress could result from (a) excessive mitochon-
drial Ca2+ uptake, which is known to stimulate the aerobic
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metabolism [47, 48] and/or (b) increased ATP demand due to
the constant need of actively removing excessive myoplasmic
Ca2+ (by ATP-dependent reuptake into the SR or extrusion
in the extracellular space). In turn, Ca2+ leak and oxidative
stress are linked together in a loop where ROS/RNS results in
oxidative modifications of RYR1 channel that enhances the
opening probability of the channel and, thus, further Ca2+

release from the SR [16]. The accumulation of myoplas-
mic Ca2+ could also result from ROS/RNS-dependent
decrease in the activity of both sarcoplasmic/endoplasmic
reticulum Ca2+ ATPase (SERCA) [49] and plasma
membrane Ca2+-ATPase (PMCA). Although mitochondrial
Ca2+ uptake in RYR1Y522S/WT

fibers has not been directly
measured, chronic elevation of myoplasmic Ca2+ could likely
result in mitochondrial Ca2+ overload, loss of mitochondrial
membrane potential, and swelling [50, 51]. The precise dis-
position of mitochondria next to CRUs (which contain
RYR1) in skeletal muscle fibers [20], and their cross talk-
based Ca2+ signaling [52–56], places these organelles in
the unfortunate location to be directly exposed to the
excessive Ca2+ leak through the mutated RYR1-Y522S
channel. In ongoing experiments, we are currently investi-
gating mitochondrial Ca2+ uptake in RYR1Y522S/WT

fibers.
Chronic Ca2+ elevation and ROS/RNS overproduction

are likely key players also in proteolysis of contractile ele-
ments and oxidation of proteins and lipids of intracellular
organelles, such as CRUs and mitochondria. Increased
intracellular Ca2+ concentration has been linked to muscle
damage, mitochondrial swelling, and degeneration of myo-
fibrils, [57–59] and activation of calpains, one of the most
important nonlysosomal classes of proteases in skeletal
muscle fibers, is indeed activated by increased Ca2+ levels
[60–62] and by excessive oxidative stress [34, 63, 64]. Acti-
vation of calpains has been shown to promote degradation
of specific sarcomeric proteins such as titin [24] and
disruption of myofibrils [34, 65, 66]. We recently reported
that RYR1Y522S/WT and CASQ1-null mice, both having
altered Ca2+ handling and elevated oxidative stress, displayed
levels of calpain activity significantly higher than WT [67].
Consistentwith these data, results of thepresent study indicate
that calpain activity is significantly elevated in RYR1Y522S/WT

muscles, suggesting that the activation of this proteolytic
system could contribute to the disruption of membrane
organelles and myofibrillar architecture during formation of
cores. In support of this hypothesis, our data showed that
NAC treatment reduces calpain levels, formation of structural
cores, and mitochondrial damage (Figures 1, 2, and 4).

4.3. Conclusions. The mechanism linking mutations in RYR1
to mitochondrial damage (and consequent formation of
structural cores) in human CCD has been long discussed
and still far from being unraveled. Our work provides some
additional insights in the pathogenic mechanisms that
underlie mitochondrial damage/disappearance in cores of
RYR1Y522S/WT mice, supporting the idea that SR Ca2+ leak
and oxidative stress do play a central role in these events. In
addition, our results suggest that NAC administration (or
more generally treatment with antioxidants) could be taken
into consideration as a long-term therapeutic intervention

to reduce the development of cores and improve muscle
function in patients affected by CCD.
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Oxidative stress has been proposed to play a key role in malignant hyperthermia (MH), a syndrome caused by excessive Ca2+ release
in skeletal muscle. Incidence of mortality in male calsequestrin-1 knockout (CASQ1-null) mice during exposure to halothane
and heat (a syndrome closely resembling human MH) is far greater than that in females. To investigate the possible role of sex
hormones in this still unexplained gender difference, we treated male and female CASQ1-null mice for 1 month, respectively,
with Premarin (conjugated estrogens) and leuprolide (GnRH analog) and discovered that during exposure to halothane and
heat Premarin reduced the mortality rate in males (79–27% and 86–20%), while leuprolide increased the incidence of
mortality in females (18–73% and 24–82%). We then evaluated the (a) responsiveness of isolated muscles to temperature
and caffeine, (b) sarcoplasmic reticulum (SR) Ca2+ release in single fibers, and (c) oxidative stress and the expression levels of
main enzymes involved in the regulation of the redox balance in muscle. Premarin treatment reduced the temperature and
caffeine sensitivity of EDL muscles, normalized SR Ca2+ release, and reduced oxidative stress in males, suggesting that female
sex hormones may protect mice from lethal hyperthermic episodes by reducing both the SR Ca2+ leak and oxidative stress.

1. Introduction

Calsequestrin-1 (CASQ1) is an acidic protein which binds
Ca2+ with moderate affinity, but high capacity, localized in
the lumen of sarcoplasmic reticulum (SR) in proximity of
ryanodine receptor type-1 (RYR1), the Ca2+ release channel
of the SR [1–5]. CASQ1 and RYR1 are two main players in
excitation-contraction (EC) coupling, the mechanism that
links the depolarization of the transverse tubule (TT) mem-
brane to the release of Ca2+ from the SR terminal cisternae
which, in turn, activates muscle contraction [6]. In EC cou-
pling, CASQ1 plays the dual role of intraluminal Ca2+ buffer
and modulator of RYR1-mediated SR Ca2+ release [7–10].

We previously demonstrated that CASQ1 knockout
mice (CASQ1-null) are vital under normal conditions [11],
although the ablation of CASQ1 causes structural and

morphological rearrangement of SR membranes at the triad
junction, SR depletion, and abnormalities in SR Ca2+ release
[11–14]. Interestingly, we also discovered that CASQ1-null
mice trigger lethal hyperthermic episodes when exposed to
both halothane and heat [15, 16], a phenotype that closely
resembles that observed in porcine stress syndrome (PSS)
[17, 18], and in knockin mice carrying point mutations in
RYR1 gene linked to human malignant hyperthermia (MH)
susceptibility, the RYR1Y522S/WT and RYR1R163C/WT mice
[19, 20]. MH is a potentially lethal disorder triggered in
humans by administration of halogenated/volatile anes-
thetics (i.e., halothane and isofluorane) and characterized
by hyperthermia, rhabdomyolysis (i.e., the rupture of muscle
fibers), and increased plasma/serum levels of K+, Ca2+, and
creatine kinase (CK) [21, 22]. The widely accepted molecular
mechanism underlying these crises is that the triggering
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agents, commonly used during surgery interventions, trigger
a sustained and uncontrolled release of Ca2+ from the SR of
skeletal muscle fibers [23, 24].

In Dainese et al. [15], we also showed that incidence of
mortality in CASQ1-null mice during exposure to both
halothane and heat is significantly greater in males than
in females, a finding in line with some epidemiological
studies conducted in humans, which reported a male prev-
alence of ~3 : 1 to 4 : 1 [25–27]. To date, the reason for this
gender difference in humans and in CASQ1-null mice
remains unclear.

Durham et al. showed that in RYR1Y522S/WT mice the
enhanced production of oxidative species of oxygen and
nitrogen (ROS and RNS, resp.) results in RYR1 S-nitrosyla-
tion/glutathionylation, covalent modifications of RYR1
which further increase the opening probability of the
mutated channel [28]. These findings suggested that exces-
sive Ca2+-dependent production of ROS/RNS likely plays a
pivotal role in the cellular and molecular events leading to
rhabdomyolysis of muscle fibers duringMH reactions. In line
with these findings, in Michelucci et al., [29] we reported
that treatment of CASQ1-null male mice with antioxidants
(i.e., N-acetylcysteine or Trolox) markedly reduced the rate
of heat- and halothane-induced mortalities.

In the current study, we hypothesized that the difference
in MH susceptibility between male and female CASQ1-null
mice could reside in their different abilities to modulate oxi-
dative stress. Indeed, it is well documented that female sex
steroid hormones, that is, estrogens, have potent cellular
antioxidant properties [30, 31], thanks to (i) their capability
to upregulate the expression of several antioxidant enzymes;
(ii) downregulate ROS-generating enzymes [32–34]; and
(iii) their direct free-radical scavenging properties [35].
To investigate the possible role that estrogens play in gender
difference in CASQ1-null mice, we treated for 1 month
(3 to 4 months of age) male CASQ1-null mice with Premarin
(a mixture of water-soluble-conjugated equine estrogens)
and female CASQ1-null mice with leuprolide (a synthetic
nonapeptide that functions as a potent gonadotropin-
releasing hormone, or GnRH, analogue), to abolish estrogens
production. Results of our experiments indicate that Pre-
marin and leuprolide treatments reverse the halothane-
and heat-induced mortalities of CASQ1-null mice, where
Premarin exerted a striking protective effect in males while
leuprolide increased significantly the MH susceptibility of
females. Investigation of the possible molecular mechanisms
indicates that estrogens reduce both SR Ca2+ leak and oxida-
tive stress, two key events in MH crises.

2. Materials and Methods

2.1. Ethic Statement. All in vivo experiments/protocols on
animals were conducted according to the Directive of the
European Union 2010/63/UE and the National Institutes
of Health Guide for the Care and Use of Laboratory
Animals and approved by the Committee on the Ethics of
Animal Experiments of the University of Chieti (15/2011/
CEISA/COM).

2.2. Premarin and Leuprolide Treatments of CASQ1-Null
Mice. CASQ1-null mice were generated as previously
described [11]. Mice were housed in microisolator cages at
20°C in a 12 hrs light/dark cycle and provided free access to
water and food. Three-month-old male and female CASQ1-
null mice were randomly assigned to one of the three differ-
ent experimental groups: control group, Premarin-treated
male mice, and leuprolide-treated female mice.

Premarin (Wyeth Laboratories, Dallas, TX, USA) was
dissolved in 0.9% NaCl solution and administered subcuta-
neously to CASQ1-null male mice at a final dose of 40 ng/g
of body weight every day for 1 month. Leuprolide acetate
salt (Sigma-Aldrich, Italy) was dissolved in 0.9% NaCl solu-
tion and also administered subcutaneously to CASQ1-null
female mice at a final dose of 100ng/g of body weight every
day for 1 month.

2.3. Halothane Exposure and Heat Stress Protocol. To deter-
mine MH susceptibility to volatile halogenated anesthetics,
mice were exposed to an air mixture containing halothane
(Sigma-Aldrich, Italy) at concentrations sufficient to induce
stage 3 anesthesia (2% halothane, with more added as neces-
sary to induce and maintain this level of anesthesia) using an
Isotec-3 evaporator (GE Healthcare, Milan, Italy), as previ-
ously described [15, 29]. During halothane exposure, mice
were kept in a chamber at a constant temperature (32°C) to
avoid a drop in body temperature during anesthesia. The
maximum exposure time to halothane was 1 hr, and surviv-
ing mice were then recovered by suspension of anesthetic
administration.

To determine MH susceptibility to high environmental
temperature, mice were subjected to a heat stress protocol,
performed in an environmental chamber at 41°C for 1 hr
while their internal temperature was recorded, as previously
described [15, 29]. Core body temperature was measured
using a rectal thermometer (four channels thermometer
TM-946, XS instruments, Modena, Italy) taped on the tails
of the animals and recorded every 5min throughout the
duration of heat challenge, as in [15, 29].

2.4. Assessment of Rhabdomyolysis

2.4.1. Histologic Analysis. Immediately after heat stress,
extensor digitorum longus (EDL) muscles were carefully dis-
sected from CASQ1-null mice and fixed at room temperature
in 3.5% glutaraldehyde 0.1M Na cacodylate buffer, pH7.2
overnight. Small bundles of fixed fibers were then postfixed
in 2% OsO4 in the same buffer for 2 hrs and then block-
stained in aqueous saturated uranyl acetate. After dehydra-
tion, specimens were embedded in an epoxy resin (Epon
812). Semithin (800 nm) histological sections were cut with
a Leica Ultracut R Microtome (Leica Microsystem, Vienna,
Austria) using a Diatome diamond knife (Diatome Ltd., Biel,
Switzerland). After staining with toluidine blue dye, the
sections were viewed using a Leica DMLB light microscope
(Leica Microsystem, Vienna, Austria). The percentage of
fibers presenting signs of rhabdomyolysis was determined
as previously described [29].
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2.4.2. Immunofluorescence Analysis. EDL muscles were
carefully dissected immediately after the heat stress pro-
tocol and fixed with 2% paraformaldehyde for 2 hrs, at
room temperature. Small bundles of fixed fibers were
processed for confocal microscopy (CM) acquisitions as
previously described [36]. Briefly, samples were first
exposed to a mouse monoclonal primary antibody which
recognizes both RYR1 and RYR3 (34C, 1 : 20; Develop-
mental Studies Hybridoma Bank, University of Iowa) and
then to a Cy3 goat anti-mouse IgG secondary antibody
(Jackson ImmunoResearch Laboratories, West Grove, PA,
USA). Images were acquired using a LSM510 META laser
scanning confocal microscope system (Zeiss, Jena,
Germany) equipped with Zeiss Axiovert 200 inverted
microscope and a Plan Neofluar oil-immersion objective
(63X/1.3 NA).

2.4.3. Quantitative Plasma and Serum Analyses. For quanti-
tative assessment of CK, K+, and Ca2+ blood/serum markers
of rhabdomyolysis, blood samples were collected from
anesthetized mice following a brief exposure (30–35 min)
to a nontriggering heat stress challenge. Blood samples
were collected and processed as previously described
[29]. Briefly, mice were anesthetized and 500–800μl of
blood was collected from the right ventricle with a 26-G
needle. Approximately, half of this volume was placed in vials
containing lithium heparin to prevent blood clotting and
centrifuged at 2500g (4°C for 15min) to isolate plasma. The
other half of the blood was placed in a vial without anticoag-
ulant, and serum was obtained by centrifugation at 4000g
(4°C for 20min). Spectrophotometrical measurements were
performed using a Screen Touch Master spectrophotometer
(Hospitex Diagnostic, Sesto Fiorentino, Italy).

2.5. Ex Vivo and In Vitro Experiments in Isolated Muscles and
Single Fibers

2.5.1. Temperature and Caffeine Sensitivity of Intact EDL
Muscles. Intact EDL muscles were dissected from hind limbs
of mice, placed in a dish containing Krebs-Henseleit (KH)
solution, pinned, and tied with fine silk sutures at each end.
Muscles were then mounted vertically between two platinum
electrodes immersed in an organ chamber filled with KH
solution and attached to a servomotor and force transducer
(model 1200A, Aurora Scientific, Aurora, ON, Canada).
Before starting the experimental protocol, stimulation level
and optimal muscle length (L0) were determined using a
series of 80Hz tetani in order to adjust the muscle to the
length that generated maximal force (F0). Twitch and tetanic
contractile properties, as well as force-frequency parameters,
were measured and analyzed. During the experiments, tem-
perature was kept constant at 25°C. To evaluate the develop-
ment of contractures induced by increasing temperature,
EDL muscles were electrically stimulated with a series of
consecutive twitches (1ms duration, 0.2Hz for each twitch)
applied every 5 seconds and exposed to an increase in
temperature of 2°C every 5 min (from 25°C to 41°C) [15].
To determine caffeine sensitivity of resting tension and
caffeine-dependent decay in twitch force, muscles were

subjected to an in vitro contracture test (IVCT) protocol
as previously described [29]. Briefly, while isolated EDL
muscles were continuously stimulated at 0.2Hz at 23–25°C,
caffeine concentration in the bath was changed every 3 min
(no wash between applications) as follows: 2, 4, 6, 8, 10, 14,
18, and 22mM.

2.5.2. Cytosolic Ca2+ Measurements in Isolated Single FDB
Fibers. Myoplasmic Ca2+ transients (60Hz, 2 s) and
caffeine-induced Ca2+ release were measured in fibers iso-
lated from flexor digitorum brevis (FDB) according to a mod-
ified collagenase/protease method described previously [37].
Twenty-four hours after dissociation, FDB fibers were incu-
bated with 5μM Fura-2 acetoxymethyl ester (Fura-2 AM;
Invitrogen, Eugene, OR, USA) for 30min at 37°C, in a buffer
containing the following: 125mM NaCl, 5mM KCl, 1mM
MgSO4, 1mM KH2PO4, 5.5mM glucose, 1mM CaCl2,
20mM HEPES, and 1% bovine serum albumin, pH7.4. A
minimum of 30min was allowed for Fura-2 deesterification
before the fibers were imaged. Intracellular Ca2+ transients
were recorded at 25°C using a dual-beam excitation fluores-
cence photometry setup (IonOptix Corp., Milton, MA,
USA), as previously described [11, 12]. Single fibers were
subjected to 2 different stimulation protocols. (a) To evaluate
tetanic transients, two trains of high-frequency stimulation
(60Hz for 2 s) were delivered with a recovery time of 5min
between trains. Fura-2 ratios were calculated and analyzed
using IonWizard software (IonOptix Corp., Milton, MA,
USA). Peak amplitude was calculated by subtracting basal
fluorescence ratio values from peak ratio values. (b) To
evaluate myoplasmic Ca2+ transients at increasing caffeine
concentrations, fibers were continuously stimulated with a
series of low frequency (0.5Hz) trains in the presence of
10mM of caffeine.

2.6. Measurements of Oxidative Stress Levels

2.6.1. Glutathione Assay. Reduced and oxidized levels of glu-
tathione (GSH and GSSG, resp.) were measured as previously
described [29]. Briefly, hind limb muscles were homoge-
nized, and total GSH and GSSG levels were measured accord-
ing to Rahman et al. [38]. 0.1 g of tissue from the hind limb
muscles was homogenized and centrifuged, and intracellular
GSH and GSSG levels were measured as previously
described [39]; the assay was performed in 96-well plates
(96 Well Tissue Culture Test Plate; Spl Life Sciences,
Korea) using an Absorbance Microplate Reader Spectra-
MAX 190 (Molecular Devices, Sunnyvale, CA, USA). Data
were normalized to a GSH standard curve with the GSH
concentration in the samples determined from a linear
regression from the GSH standard curve [38]. All reagents
for these experiments were purchased from Sigma-Aldrich
(Milan, Italy).

2.6.2. Western Blot Analyses. EDL muscles were homoge-
nized in a lysing buffer containing 3% sodium dodecyl
sulphate (SDS) (Sigma-Aldrich, Milan, Italy) and 1mM
EGTA (Sigma-Aldrich, Milan, Italy), using a mechanical
homogenizer, and then centrifuged for 15min at 900g at
room temperature. Protein concentration was determined
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spectrophotometrically using a modified Lowry method.
20–40μg of total protein was resolved in 10–12% polyacryl-
amide electrophoresis gels, transferred to nitrocellulose
membrane, and blocked with 5% nonfat dry milk (Euro-
Clone, Milan, Italy) in Tris buffered saline and Tween 20
0.1% (TBS-T) for 1 hr. Membranes were then probed with
primary antibodies diluted in 5% nonfat dry milk in TBS-T
overnight at 4°C: (a) anticopper/zinc superoxide dismutase
(SOD1) antibody (rabbit polyclonal 1 : 2000, Santa Cruz
Biotechnology, Inc., Dallas, TX, USA); (b) antimanganese
superoxide dismutase (SOD2) antibody (rabbit polyclonal,
1 : 5000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA);
(c) anti-3-nitrotyrosine (3-NT) antibody (mouse monoclo-
nal, 1 : 500; Merck Millipore, Italy); (d) antineuronal nitric
oxide synthase (nNOS) antibody (mouse monoclonal,
1 : 2000; BD Biosciences, Milan, Italy); (e) antiNADPH
oxidase gp91phox membrane-bound subunit (NOX2) anti-
body (rabbit monoclonal, 1 : 3000; Abcam, Cambridge, UK);
and (f) anticatalase (CAT) antibody (mouse monoclonal,
1 : 1000; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA). The antiglyceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibody (mouse monoclonal, 1 : 5000; OriGene
Technologies, Inc., Rockville, MD, USA) was used as a
loading control. Membranes were then incubated with
the secondary antibody horseradish peroxidase-conjugated
(1 : 10000, Merck Millipore, MA, USA), diluted in 5% non-
fat dry milk in TBS-T, for 1 hr at room temperature. Pro-
teins were detected by enhanced chemiluminescent liquid
(Perkin-Elmer, Milan, Italy). Protein quantification was
made using ImageJ software (National Institutes of Health,
Bethesda, MA, USA).

2.7. Statistical Analyses. Statistical significance in experi-
ments of halothane- and heat-induced mortalities was
evaluated using a two-tailed Fisher’s exact test. One-way
ANOVA followed by post hoc Tukey test was used for statis-
tical analyses of all other experiments except for the in vivo

core temperature and the ex vivo temperature and caffeine
sensitivity, in which statistical significance was determined
using a repeated measures ANOVA followed by post hoc
Tukey test for the pairwise comparisons. In all cases, differ-
ences were considered statistically significant at p < 0 05.
Two-tailed Fisher’s exact test was performed using GraphPad
software, whereas one-way ANOVA and repeated measures
ANOVA were performed using Origin 8.0 software.

3. Results

3.1. Estrogens Protect CASQ1-Null Mice from Halothane- and
Heat-Induced Sudden Death by Reducing Hyperthermia. At
four months of age, male and female control mice and mice
treated with Premarin (males) or leuprolide (females) were
exposed to either halothane (2%, 1 h at 32°C) or heat stress
protocol (41°C, 1 h), as previously done in [15, 29].

Consistent with the previous results [15], in CASQ1-null
mice, the mortality rate, during the administration of halo-
thane and during heat stress protocol, was significantly lower
in female mice (18% and 24%) than in male mice (79% and
86%) (Figure 1 and Supplementary Tables 1 and 2 available
online at https://doi.org/10.1155/2017/6936897), with a male
prevalence of ~4 : 1. The halothane and heat-induced hyper-
thermic crises exhibited a clinical presentation very similar to
that observed during a classic anesthetic-induced MH
reaction in humans: difficulty in breathing, tachypnea,
impaired movements, and diffuse skeletal muscle rigidity
(visual observation). Treatment of mice resulted in a clear
reversion of the phenotype (Figure 1): Premarin had a strik-
ing protective effect in male mice with a significant reduc-
tion in the incidence of mortality (79–27% and 86–20%,
resp., for halothane and heat exposure), while leuprolide
caused a significant increase in the MH susceptibility of
female mice (18–73% and 24–82%, resp., for halothane
and heat stress).
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Figure 1: Mortality rate during exposure to halothane and heat stress protocols. Incidence of sudden and delayed (i.e., within 24 hrs after
challenge) deaths during exposure to halothane (2% for 1 hr (a)) and to heat (41°C for 1 hr (b)) in male and female CASQ1-null mice,
either untreated or treated with Premarin (males) or leuprolide (females). ∗p < 0 05; n=number of mice. See also Tables S1 and S2.
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As a typical MH crisis is characterized by an abnormal
and uncontrolled rise in body temperature, namely hyper-
thermia [40], we also recorded the rise in core temperature
in all mice exposed to the heat stress protocol (Figure 2 and
Supplementary Figure 1; see also Supplementary Table 3).
Temperature was monitored throughout the entire duration
of the experiment, and recorded every 5 min, and showed
both as absolute (Figure 2) and relative (ΔT) (Supplementary
Figure 1) temperature. The results indicate that, during heat
stress protocol, the time-dependent increase in core tempera-
ture observed in female mice was significantly lower than that
in male mice; specifically, at the end of the stress protocol, the
core temperature recorded in females and males was 40.6
± 0.2°C and 42.0± 0.4°C, respectively (Figure 2), with a tem-
perature change from beginning to end of the experiment of
ΔT=+4.7± 0.3°C and ΔT=+6.1± 0.3°C, respectively (Sup-
plementary Figure 1). Following treatment with Premarin,
the temperature recorded at the end of the protocol in
male mice was 40.9± 0.3°C (Figure 2), with an increase
of core temperature from beginning to end of the experiment
quite similar to that in female mice (ΔT=+5.1± 0.2°C) (Sup-
plementary Figure 1); conversely, treatment of female mice
with leuprolide resulted in a significantly increased rise
in core temperature to values similar to that of male mice,
with an absolute temperature at the end of 42.1± 0.2°C
(Figure 2) and relative increase of +6.4± 0.5°C (Supple-
mentary Figure 1).

3.2. Estrogens Reduce Muscle Damage and Rhabdomyolysis
in EDL Muscles of CASQ1-Null Mice during Heat Stress.
Rhabdomyolysis, a typical clinical sign of MH episodes

and exertional/heat strokes in humans [41, 42], is charac-
terized by breakdown of skeletal muscle fibers with the
release of the intracellular proteins and ions into the blood
stream. We (a) analyzed histological sections to quantify
the percentage of EDL fibers affected by structural damage
following the heat stress protocol (Figures 3(a), 3(b), 3(c),
3(d), and 3(i); see also Supplementary Table 4); (b) labeled
small bundles of EDL fibers with a primary antibody
against RYR1, marking the position of calcium release
units (CRUs) to visualize striation abnormalities
(Figures 3(e), 3(f), 3(g), and 3(h)); (c) measured the blood
levels of CK (in serum), K+ (in plasma), and Ca2+ (in
plasma), recognized markers of skeletal muscle damage
and rhabdomyolysis (Figures 3(j), 3(k), and 3(l)). Follow-
ing the heat stress protocol, while normal cross striation
was well preserved in fibers from females (Figures 3(a)
and 3(e)), fibers from males showed severe disarray of
the internal organization, with large areas presenting loss
of striation and hypercontracted myofibrils (Figures 3(b)
and 3(f)). The effects of treatments were striking: pretreat-
ment of male mice with Premarin strongly protected mus-
cle fibers from heat stress-induced damage (Figures 3(d)
and 3(h)), whereas treatment of female mice with leupro-
lide resulted in a clear increase in the number of fiber
presenting loss of striation and contractures (Figures 3(c)
and 3(g)).

In histological sections (Figures 3(a), 3(b), 3(c), and
3(d)), we also quantified the percentage of fibers presenting
structural damage (Figure 3(i); see also Supplementary Table
4) following the heat stress challenge: 11.6± 5.4% of fibers
presented signs of structural damage in female mice, while
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Figure 2: Changes in absolute core temperature in mice subjected to heat stress protocol. (a) Increase in absolute core temperature, recorded
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in males, this percentage was 31.9± 5.4%. Again, the effect of
treatments was striking as EDL fibers from male mice treated
with Premarin were protected from structural damage (6.3
± 3.2%), while the percentage of altered fibers in EDLmuscles
dissected from leuprolide-treated female mice was increased
(32.9± 1.7%).

In support of the structural evidence collected by analysis
of histological sections (Figures 3(a), 3(b), 3(c), and 3(d)) and
by confocal microscopy images (Figures 3(e), 3(f), 3(g),
and 3(h)), biochemical analysis of blood samples revealed
that the serum and plasma levels of markers of rhabdomy-
olysis (i.e., CK, K+, and Ca2+) were lower in female and
Premarin-treated male mice (Figures 3(j), 3(k), and 3(l)),
but higher in the other two groups of animals.

3.3. Estrogens Lower the Temperature and Caffeine Sensitivity
of EDL Muscles Isolated from CASQ1-Null Mice. To evaluate
the effect of increasing temperature on muscle contractility,
we performed an in vitro heat stress protocol, based on expo-
sure of isolated EDL muscles to increase steps of temperature
of 2°C each. When exposed to this protocol, EDL muscles
from female mice showed a slight increase in basal tension
starting at ~33°C, with a more significant increase in tension
only at temperatures above 37°C (Figure 4(a)). On the other
hand, EDL muscles excised from male mice started to
develop tension already at ~31°C, with the development of
strong contractures toward the end of the protocol
(Figure 4(a)). Premarin and leuprolide treatments,
completely reverted this temperature sensitivity: specifically,

Females

(a)

Males

(b)

Females + Leu

(c)

Males + Prem

(d)

RYR1

(e)

RYR1

(f)

RYR1

(g)

RYR1

(h)

0

10

20

30

40

%
 o

f d
am

ag
ed

 fi
be

rs

M
al

es

Fe
m

al
es

Fe
m

al
es

+ 
Le

u

M
al

es
+ 

Pr
em

n = 88 n = 70 n = 72 n = 69

⁎ ⁎
⁎

(i)

0

80

160

240

320

CK
 (U

I/l
)

M
al

es

Fe
m

al
es

Fe
m

al
es

+ 
Le

u

M
al

es
+ 

Pr
em

n = 8 n = 9 n = 6 n = 7

⁎ ⁎
⁎

(j)

0

2

4

6

8

[K
+ ] (

m
m

ol
/l)

M
al

es

Fe
m

al
es

Fe
m

al
es

+ 
Le

u

M
al

es
+ 

Pr
em

n = 8 n = 8 n = 7 n = 8

⁎ ⁎

(k)

0
2
4
6
8

10
12
14

[C
a2+

] (
m

g/
m

l)

M
al

es

Fe
m

al
es

Fe
m

al
es

+ 
Le

u
M

al
es

+ 
Pr

em

n = 7 n = 9 n = 6 n = 7

⁎ ⁎
⁎

(l)

Figure 3: Assessment of muscle damage and blood levels of CK K+, and Ca2+ following exposure to heat stress protocol. (a–h) Histological
(a–d) and immunofluorescence of EDL fibers labeled with anti-RYR1 antibody (e–h) examination of EDL muscles after exposure to the heat
stress protocol in male and female CASQ1-null mice, either untreated or treated with Premarin (males) and leuprolide (females). (i)
Quantitative analysis of EDL fibers presenting structural damage and contractures. See also Table S4. (j–l) Blood levels of CK in serum (j),
K+, and Ca2+ in plasma (k and l) following heat stress protocol. Data are given as mean± SEM; ∗p < 0 05; n=number of mice. Scale bars
in (a–e): 10 μm (insets 5 μm).
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Premarin reduced the rise in basal tension in male EDL
muscles (Figure 4(a)), with a decrease of specific force
calculated at the last experimental point (41°C) of ~40%
(Figure 4(b)). Conversely, leuprolide treatment increased
the temperature sensitivity of EDL muscles from female
mice (Figure 4(a)) with a specific force at the end of the
experiment (41°C), ~30% higher than that of EDLs from
females (Figure 4(b)).

We then performed a classic caffeine-dose response
experiment, mimicking the in vitro contracture test (IVCT)
that is used in humans to test MH susceptibility [43, 44]. Caf-
feine is a potent agonist of RYR1 that triggers release of Ca2+

from the SR: MH susceptible patients usually display a lower
threshold of response to caffeine [45, 46]. The contractile
response during IVCT (Figure 4(c)) indicated that EDL
muscles from female mice displayed a caffeine sensitivity
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Figure 4: Temperature and caffeine dependence of basal tension in isolated EDL muscles. (a) Temperature dependence of basal tension in
EDL muscles excised from male and female CASQ1-null mice, either untreated or treated with Premarin (males) and leuprolide (females).
(b) Specific basal tension (expressed as mN/mm2) calculated at the last experimental point (T = 41°C). (c) IVCT performed using
increasing caffeine concentrations in EDL muscles. (d) Specific basal tension (expressed as mN/mm2) calculated at the last experimental
point (22mM caffeine). Data are given as means± SEM; ∗p < 0 05; n=number of muscles.
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significantly lower than that from male mice, as clearly
shown by the development of tension at lower caffeine
concentrations in the latter (Figure 4(c)). Also in this case,
Premarin and leuprolide treatments completely reverted
the sensitivity of EDL muscles. Specifically, Premarin treat-
ment of male mice (a) increased the threshold of response
to higher caffeine concentrations; (b) reduced specific basal
tension at 22mM caffeine of ~73% compared to that
recorded in control males; and (c) abolished the develop-
ment of full contractures (Figures 4(c) and 4(d)) of EDL
muscles. On the other hand, leuprolide treatment of
female mice (a) lowered the threshold of response to
caffeine, with tension that started to rise already at 2mM
caffeine; (b) increased the specific basal tension at 22mM
caffeine of ~75% compared to control females; and (c)
caused development of full contractures (Figures 4(c) and
4(d)) of EDL muscles.

In the same muscles, we also evaluated twitch tension in
response to increasing caffeine concentrations (Supplemen-
tary Figure 2). During the first steps of caffeine application
(from 2 to 8mM), while muscles from females showed an
enhancement of twitch force, those from males displayed
already a decay, likely due to a faster SR depletion [12].
Again, Premarin and leuprolide treatments completely
inverted the ability of EDL muscles to produce force in
dependence of caffeine (Supplementary Figure 2). Indeed,

muscles from Premarin-treated males exhibited an increased
capability to produce force, along the entire range of caf-
feine application, compared to those of control males,
while muscles from leuprolide-treated females displayed a
significant caffeine-dependent force decline, very similar
to that of males.

3.4. Estrogens Normalize Electrical-Evoked Ca2+ Transients
and Reduce the Caffeine-Induced Ca2+ Release in Single FDB
Muscle Fibers. We have previously shown that single FDB
fibers from male CASQ1-null mice undergo severe SR deple-
tion when stimulated at high frequency [12]. Here, we mea-
sured myoplasmic Ca2+ during prolonged high-frequency
stimulation (60Hz, 2 s) and during low-frequency stimula-
tion (0.5Hz, 0.2 s) in the presence of 10mM caffeine, in
enzymatically dissociated single FDB fibers loaded with
the ratiometric Ca2+ dye Fura-2. When exposed to a
60Hz stimulus train for 2 seconds, FDB fibers from
female mice displayed a myoplasmic Ca2+ transient with
a lower decay compared to that observed in male fibers
(Figures 5(a) and 5(b)). Specifically, the average residual
Fura-2 fluorescence at the end of the 2 sec stimulus (calcu-
lated as the ratio between Fura-2 ratio at the end of the
stimulation with that recorded at the beginning of the
stimulation) was, respectively, 0.62± 0.02 and 0.44± 0.02
in FDB fibers from female and male mice (Figure 5(e)).
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Figure 5: Cytosolic Ca2+ concentration during stimulation at 60Hz and caffeine-induced Ca2+ release in single FDB fibers. (a–d)
Representative traces of Fura-2 fluorescence obtained during sustained high-frequency electrical stimulation (60Hz, 2 s) in single FDB
fibers from male and female CASQ1-null mice, either untreated or treated with Premarin (males) and leuprolide (females). (e) Fractional
Fura-2 ratio signal, calculated as the ratio between the fluorescence peaks at the end (F (tf)) and at the beginning (F (t0)) of the 60Hz
stimulation protocol. (f) Representative traces of Fura-2 fluorescence showing the increase of myoplasmic Ca2+ induced by 10mM
caffeine. (g) Fractional Fura-2 ratio signal calculated as the ratio between the fluorescence peaks at the end (F (tf)) and at the beginning
(F (t0)) of the protocol. Data in (e) and (g) are given as means± SEM; ∗p < 0 05; n=number of fibers.
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Interestingly, in FDB fibers from leuprolide-treated female
mice (Figure 5(c)), the Ca2+ transient decay was signifi-
cantly increased compared to that of females (but similar to
that of males), with an average value of residual fluorescence
of 0.45± 0.03 (Figure 5(e)). On the other hand, in FDB fibers
from Premarin-treated male mice (Figure 5(d)), the Ca2+

transient decay was markedly reduced compared to that of
males, with an average value of residual fluorescence of
0.63± 0.03 (Figure 5(e)).

As excessive basal tension and development of full
contractures are both indicative of abnormally elevated
Ca2+ levels, we also assessed the caffeine-induced SR Ca2+

release in single FDB fibers that were continuously stimu-
lated at low frequency (0.5Hz) (Figures 5(f) and 5(g)).
Consistent with the results obtained during IVCT experi-
ments (Figures 4(c) and 4(d)), FDB fibers from female
mice showed a lower caffeine-dependent rise of myoplasmic
Ca2+ concentration than that observed in FDB fibers from
male mice (Figure 5(g)). As expected, while Premarin treat-
ment in males strongly reduced the caffeine-induced SR
Ca2+ release in FDB fibers, leuprolide treatment resulted in
an enhanced elevation of myoplasmic Ca2+ concentration
in female fibers (Figure 5(g)).

3.5. Estrogens Reduce Oxidative Stress in Muscles from
CASQ1-Null Mice by Modulating Expression Levels of Either
ROS/RNS-Generating or Antioxidant Enzymes. As excessive
production of ROS and RNS has been proposed to be a key
step in the cascade of molecular events that leads to rhabdo-
myolysis of muscle fibers and consequent death of MH
susceptible mice [15, 28, 29], here, we measured markers of
oxidative stress in EDL muscle homogenates. First, we
assessed levels of GSH and GSSG (Figures 6(a) and 6(b)), a
molecule synthesized from amino acids that is capable of
reducing disulfide bonds to cysteines by serving as an elec-
tron donor [47, 48], and the GSH/GSSG ratio (Figure 6(c)),
a parameter often used as a measure of cellular ROS reactivity
[49]. GSH did not differ significantly in the four different
groups of mice (Figure 6(a)), whereas GSSG levels were
significantly higher in male and leuprolide-treated female
mice than those in the other two groups (Figure 6(b)): as a
consequence, the GSH/GSSG ratio in female mice was
about 3-fold lower compared to male mice, suggesting that
in females the global oxidative stress is markedly lower than
that in males (Figure 6(c)). Noticeable, after 1 month of
treatment, muscles from Premarin-treated male mice
exhibited an increase of GSH/GSSG ratio compared to that
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Figure 6: Levels of GSH, GSSG, and 3-nitrotyrosine (3-NT) in both total hind limb and EDLmuscle homogenates. (a and b) Levels of reduced
(GSH) and oxidized (GSSG) glutathione (both expressed as nmol/g of tissue), measured in control conditions in hind limbmuscles frommale
and female CASQ1-null mice, either untreated or treated with Premarin (males) and leuprolide (females). (c) GSH/GSSG ratio measured in
the same specimens. (d) Representative immunoblots showing levels of 3-NT measured in control conditions in EDL muscles from male and
female CASQ1-null mice, either untreated or treated with Premarin (males) and leuprolide (females). (e) Relative band densities normalized
to GAPDH in the same specimens. Data are given as mean± SEM; ∗p < 0 05; n=number of mice.
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of males (more than doubled), while muscle homogenates of
leuprolide-treated female mice showed a decrease of about 2-
fold than those of female mice (Figure 6(c)).

We also measured byWestern blot, again in EDL homog-
enates (Figures 6(d) and 6(e)), the amount of 3-nitrotyrosine
(3-NT) (Figures 6(d) and 6(e)), a product of nitration of
tyrosine residues of proteins mediated by RNS such as
peroxynitrite anion and nitrogen dioxide, which is an indi-
cator of oxidative stress and oxidative protein damage
[50]. Whereas in females, 3-NT levels were significantly
lower than those in males; after 1 month of Premarin
treatment, male mice displayed a significant decrease of
3-NT levels compared to control males (~30%). Con-
versely, 1 month of leuprolide treatment of female mice
determined an increase of 3-NT content of ~30% com-
pared to control females.

To further dissect the molecular mechanisms by which
estrogens modulate oxidative stress in muscle fibers from
CASQ1-null mice, we then evaluated by Western blot the
ability of estrogens to regulate expression of either ROS/

RNS-generating enzymes or antioxidant enzymes. First, we
measured (i) levels of NADPH oxidase gp91phox membrane-
bound subunit (NOX2) (Figures 7(a) and 7(b)), belonging
to a multiprotein enzyme complex which uses NADPH as a
substrate to convert O2 to superoxide anion (O2

−) and hydro-
gen peroxide (H2O2) and which represents an important
extramitochondrial source of ROS in skeletal muscle fibers
[51–53] and (ii) levels of neuronal nitric oxide synthase
(nNOS) (Figures 7(c) and 7(d)), one of the three isozymes
responsible for the production of nitric oxide (NO) that is
highly expressed in skeletal muscle [54, 55]. These analyses
revealed that NOX2 and nNOS, respectively, responsible for
the generation of ROS and RNS, were ~1.5- and 2.0-fold sig-
nificantly higher in males compared to females (Figure 7), in
line with the results showing that oxidative stress is lower in
the latter (Figure 6).

Secondly, we evaluated expression levels of (i) copper/
zinc superoxide dismutase (SOD1) (Figures 8(a) and 8(b))
and manganese superoxide dismutase (SOD2) (Figures 8(c)
and 8(d)), the two main intracellular isoforms of a class of
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Figure 7: Levels of NOX2 and nNOS in EDLmuscle homogenates. (a and c) Representative immunoblots showing levels of NOX2 gp91-phox
subunit (a) and nNOS (c) in control conditions in EDL muscle homogenates from male and female CASQ1-null mice, either untreated or
treated with Premarin (males) and leuprolide (females). (b and d) Relative band densities normalized to GAPDH. Data are given as
mean± SEM; ∗p < 0 05; n=number of mice.
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enzymes that catalyze the dismutation of O2
− into O2 and

H2O2, the first step in the elimination of ROS [56] and of
(ii) catalase (CAT) (Figures 8(e) and 8(f)), one of the most
important antioxidant enzymes that catalyze the decomposi-
tion of H2O2 to H2O and O2 and that represent an important
antioxidant defense for skeletal muscle [57]. We found that
while SOD1 and SOD2 were significantly less expressed in
female than in male muscles (Figures 8(a) and 8(b);
Figures 8(c) and 8(d)), a completely opposite result was
obtained for CAT, which was ~1.6-fold more expressed in
females than males (Figures 8(e) and 8(f)). Also in these
cases, Premarin and leuprolide treatments showed a potent
effect in inverting the expression levels in the two genders,
of both ROS/RNS-generating enzymes and antioxidant
enzymes (Figures 7 and 8).

4. Discussion

4.1. Background. A review on the epidemiology of MH cases
showed a male-to-female ratio of 2.2 : 1 for MHS in humans
with males exhibiting a far greater fatality rate [25]. Later
studies also found a similar disproportionate male suscepti-
bility, with males representing 78% of the 181 MH cases in
the North American MH Registry (NAMHR) [26] and 73%
of the 308 NAMHR patients included in a recent MH
recrudescence study [58]. Finally, a similar male prevalence
(∼4 : 1) was observed in 383 MH cases in Japan from 1961
to 2004 [59].

In 2009, we published a study showing that male mice
lacking CASQ1 trigger lethal-hyperthermic episodes with
a higher rate of mortality than females when exposed to
both halothane and heat, a phenotype resembling human
MHS [15]. Here, we hypothesized that female sex hor-
mones may play a role in protecting CASQ1-null animals

from MH-lethal episodes and treated male mice with
Premarin, a mixture of equine water-soluble estrogens
[60, 61], and female mice with leuprolide acetate, a GnRH
analog that chronically abolish the hypothalamic-pituitary-
gonadal axis [62].

4.2. Main Findings. Consistent with the previous work [15],
when exposed to halothane and heat stress protocol,
CASQ1-null male mice exhibited a higher rate of mortality
than female mice, that is, ~4 : 1 ratio. Though, following
treatment with Premarin and leuprolide, mortality rate was
effectively reverted in the two genders: during exposure to
halothane and heat stress, mortality in Premarin-treated
males was greatly reduced, while mortality in leuprolide-
treated females was significantly increased. The reduced
mortality rate in Premarin-treated CASQ1-null male mice
was strictly correlated to (a) reduced rise in core temperature;
(b) protection from fiber damage; (c) reduced responsiveness
of EDL muscles to both temperature and caffeine; and finally
(d) reduced SR depletion and increased caffeine-induced
Ca2+ release. Conversely, the increased mortality rate in
leuprolide-treated CASQ1-null female mice was correlated
to increased rise in core temperature and fiber damage,
enhanced responsiveness of EDL muscles to both tempera-
ture and caffeine, and imbalanced Ca2+ handling. Our data
also showed that EDL muscles from female and Premarin-
treated male mice displayed increased GSH/GSSG ratio and
reduced levels of nitrated proteins (3-NT) compared to the
other two groups of mice, suggesting that estrogens affect
global levels of oxidative stress.

4.3. Estrogens and Oxidative Stress Levels in Muscle. Durham
et al. [28] demonstrated that excessive Ca2+-dependent pro-
duction of ROS and RNS plays a pivotal step in the cellular
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Figure 8: Levels of SOD1, SOD2, and CAT in EDL muscle homogenates. (a, c, and e) Representative immunoblots showing levels of SOD1
(a), SOD2 (c), and CAT (e) measured in control conditions in EDL muscle homogenates from male and female CASQ1-null mice, either
untreated or treated with Premarin (males) and leuprolide (females). (b, d, and f) Relative band densities normalized to GAPDH. Data are
given as mean± SEM; ∗p < 0 05; n=number of mice.
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and molecular events leading to rhabdomyolysis of muscle
fibers during MH crises, in RYR1Y522S/WT mice. We also
recently reported that treatment of CASQ1-null male mice
with antioxidants (i.e., N-acetylcysteine and Trolox) mark-
edly reduced the rate of heat- and halothane-induced mortal-
ities [29]. Finally, the data presented here points to a strict
correlation between estrogens, reduced oxidative stress, and
protection from MH episodes, as mice with lower levels of
oxidative stress also display a reduced mortality, lowered
hyperthermia, and protection from fiber damage. The fact
that estrogens have potent antioxidant properties is
documented in the literature [30, 63], the molecular bases
being genomic and nongenomic mechanisms involving their
binding to nuclear receptors ERα or ERβ [32] and novel G-
protein coupled receptors GPR30 and ER-X localized in
the plasma membrane [64, 65]. Also documented is the fact
that estrogens may have direct free-radical scavenging
properties, because of the similarity in structure to vitamin
E [35]. Also, a recent publication showed the protective role
conferred by estrogens in the right ventricle function by
showing improved contractile [66]. Specifically, reserve in
animals with pulmonary hypertension associated with ben-
efits of mitochondrial bioenergetics (these authors demon-
strated that estrogens improve the right ventricle
contractility by improving mitochondria structure and
function and preventing excessive mitochondrial-induced
ROS generation).

Although several data reported in the literature demon-
strated potent antioxidant properties of estrogens [30–35],
the precise mechanisms by which they could modulate oxi-
dative stress in CASQ1-null mice remain unclear.

Our data show that estrogens possibly exert their antiox-
idant activity by regulating the expression of NOX2 and
nNOS, responsible for the generation of ROS and RNS in
muscle fibers. Less straight forward is the interpretation of
data regarding SOD1 and SOD2, significantly less expressed
in muscles from female and Premarin-treated male mice
compared to the other two groups of animals, a result though
opposite to that of CAT. Data about SOD1 and SOD2 are in
agreement with (a) our previous work showing that male
CASQ1-null mice exhibited higher levels of SOD1 than the
normal [29] and (b) the literature demonstrating that
SOD1 and/or SOD2 expression and activity are increased
under conditions of high oxidative stress [67–70].

One possible interpretation of these findings could be
that in the presence of estrogens, the reduced expressions of
both NOX2 and nNOS (and possibly the consequent reduc-
tion in generation of O2

− and NO) would prevent the upreg-
ulation of SOD1 and SOD2 expressions and the consequence
accumulation of H2O2. This, together with the concomitant
increase of CAT levels, could result in reduction of global
oxidative stress (Figure 6).

4.4. Ca2+ Handling, Oxidative Stress, and Hormones: The
Complicated Puzzle Leading to MH Crises in Male CASQ1-
Null Mice.Muscle fibers frommale CASQ1-null mice display
an excessive leak of Ca2+ from the SR in basal conditions (i.e.,
already without exposure to environmental triggers) [15],
possibly resulting from RYR1 hyperactivity due to lack of

CASQ1 inhibition on the RYR1 open state [9, 10]. Although
SR Ca2+ leak is clearly the starting event in MH reactions,
also other important mechanisms seem to play a pivotal role
during the cascade of events leading to rhabdomyolysis of
skeletal fibers. Indeed, we have extensively discussed above
the involvement of oxidative stress in MH reaction in both
RYR1Y552S/WT and CASQ1-null mice [28, 29, 39]. In this
puzzle involving imbalanced Ca2+ handling and excessive
oxidative stress (which are likely not independent from one
another), female sex hormones come into play by modulating
both parameters. Indeed, in the current study, we showed
that estrogens normalize SR Ca2+ release by reducing tem-
perature and caffeine sensitivity of EDL muscles during
IVCT experiments and decay of electrically evoked SR Ca2+

release and caffeine-induced SR Ca2+ release. Although the
molecular mechanisms by which estrogens normalize intra-
cellular Ca2+ handling are still unclear, based on the present
and previous studies in MH susceptible mice [15, 28, 29],
we are probably entitled to speculate that this could be the
consequence of their ability to lower oxidative stress, possibly
through the modulation of enzymes like NOX2 and nNOS,
involved in the maintenance of redox balance within muscle
fibers. Interestingly, it has been demonstrated that (i) both
NOX2 and nNOS colocalize with RYRs at the triad junctions
[52, 71, 72]; (ii) ROS, generated by NOX2 in the proximity of
triads, stimulates SR Ca2+ release through RYR1 [52, 73]; and
(iii) in cardiac muscle, nNOS is activated by increases in
myoplasmic Ca2+ concentration, likely due to its colocaliza-
tion with RYR2 [71, 72], although in skeletal muscle most
nNOS localizes in the sarcolemma [74].

Thus, it is possible that, in CASQ1-null muscle fibers, the
close positioning of either NOX2 or nNOS to RYR1 and the
Ca2+-dependent activation of nNOS could be responsible for
the excessive production of ROS and RNS which in turn
would lead to glutathionylation and nitrosylation of specific
cysteine residues [52, 55], oxidative modifications that fur-
ther increase the opening probability of the leaky RYR1
channel; the consequent excessive release of Ca2+ from the
SR would promote the dangerous feed-forward mechanism
already proposed to underlie MH reactions [28].

4.5. Closing Remarks. Although the molecular pathways
that allow estrogens to protect skeletal fibers from rhabdo-
myolysis during MH crises deserve further investigation,
the present work contains convincing evidence that female
sex hormones do provide an effective protection for
CASQ1-null mice against lethal MH-like events. Whether
similar mechanisms may underlie also differences in MH
incidence between males and females in humans could
be worth of consideration.
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Duchenne muscular dystrophy (DMD) is an X-linked genetic disease in which dystrophin gene is mutated, resulting in
dysfunctional or absent dystrophin protein. The pathology of dystrophic muscle includes degeneration, necrosis with
inflammatory cell invasion, regeneration, and fibrous and fatty changes. Nevertheless, the mechanisms by which the absence of
dystrophin leads to muscle degeneration remain to be fully elucidated. An imbalance between oxidant and antioxidant systems
has been proposed as a secondary effect of DMD. However, the significance and precise extent of the perturbation in redox
signaling cascades is poorly understood. We report that mdx dystrophic mice are able to activate a compensatory antioxidant
response at the presymptomatic stage of the disease. In contrast, increased circulating levels of IL-6 perturb the redox signaling
cascade, even prior to the necrotic stage, leading to severe features and progressive nature of muscular dystrophy.

1. Introduction

Duchenne muscular dystrophy (DMD) is an X-linked
genetic disease caused by mutations in the dystrophin gene,
leading to instability of the dystrophin-glycoprotein complex
(DGC) with subsequent necrosis and fibrosis [1].

Although the genetic basis of DMD is known, the mech-
anisms by which the primary genetic defect leads to muscle
wasting remain to be fully elucidated [2–4]. Among the
potential factors involved in the pathogenesis of muscular
dystrophy, oxidative stress [5, 6] might be responsible for
the activation of degenerative processes and for the appear-
ance and progress of pathologic changes in dystrophic mus-
cles [4]. Nevertheless, the significance and precise role of
excessive oxidant-related damage is poorly understood. The
reactive oxygen species (ROS) are naturally and constantly
formed inside of the organism, as a result of cell activity. It

is plausible that under physiological conditions, skeletal mus-
cle activates an endogenous program of antioxidant defense
to maintain the ROS production at physiological levels [7].
Extreme or pathologic conditions generate much higher
levels of ROS that overwhelm cellular antioxidant defenses,
leading to protein carbonylation, DNA damage, and RNA
oxidation. The excess of ROS production can also alter cal-
cium handling, another pathogenic factor associated with
muscular dystrophy, leading to the activation of proteolytic
systems and muscle wasting [8, 9].

Different animal models of dystrophin deficiency are
actively studied. The mdx mouse is the most widely used
model for muscular dystrophy [2]. However, the mdx mouse
presents some limitations, including the pathophysiology
and clinical outcome criteria, compared to DMD patients,
due to the fact that skeletal muscles of mdx mice undergo
extensive necrosis only early in neonatal life. Thus, there is

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2017, Article ID 1987218, 10 pages
https://doi.org/10.1155/2017/1987218

https://doi.org/10.1155/2017/1987218


a greater imperative towards improving the validity of animal
models and the design of preclinical experimental therapeu-
tic approaches. We recently generated a more severe animal
model, the mdx/IL6 mouse, that closely approximates the
human disease and more faithfully recapitulates the disease
progression in humans [10]. In particular, we observed that
forced expression of IL-6 in the adult mdx mice, increased
necrosis, sustained inflammatory response, and repeated
cycles of muscle degeneration and regeneration, leading to
exhaustion of satellite cells [10].

In this study, we analysed whether the exacerbated
phenotype induced by increased circulating levels of IL-6
involves a perturbation in redox signaling cascade, even prior
to the necrotic phase. We revealed, in mdx/IL6 mice, a
progressive reduction of the Nrf2-dependent antioxidant
compensatory mechanism, a severe phenotypic feature
observed in human DMD patients [11].

2. Materials and Methods

2.1. Mice and Treatments. Animal models used in the current
study are 2-, 4-, and 24-week-old wild-type C57Bl/6J mice
and mdx (Jackson Laboratories) and mdx/IL6 [10] trans-
genic mice. moAb-IL6R treatment: mdx mice were
injected subcutaneously, starting at 15 days of age, with
the neutralizing monoclonal antibody MR16-1 (kindly
provided by Chugai Pharmaceutical Co., Ltd.) [3, 12] to
the murine IL-6 receptor (moAb-IL6R) at a dose of
100μg/g of body weight and then twice a week with
20μg/g (for a total of 5 doses) in PBS [3]. Mice were
sacrificed at 4 weeks of age. Animals were maintained
according to the institutional guidelines of the animal
facility of the unit of Histology and Medical Embryology.
All the animal experiments were approved by the ethics
committee of Sapienza University of Rome-Unit of Histol-
ogy and Medical Embryology and were performed in
accordance with the current version of the Italian law on
the protection of animals.

2.2. Protein Extraction andWestern Blot Analysis.Diaphragm
muscles were isolated from 2-, 4-, and 24-week-old mdx
and mdx/IL6 mice and immediately frozen in liquid nitro-
gen. Each sample (liquid nitrogen powdered diaphragm
muscles) was homogenized in protein lysis buffer [Tris-
HCl, pH 7.5/20mM, EDTA/2mM, EGTA/2mM, sucrose/
250mM, DTT/5mM, Triton-X/0.1%, PMSF/1mM, NaF/
10mM, SOV4/0.2mM, cocktail protease inhibitors/1X
(Sigma Aldrich)]. Western blotting analysis was performed
using 70μg of protein extracts, and filters were blotted with
antibodies against gp91phox (BD Transduction Laborato-
ries), Nrf2 (Santa Cruz Biotechnology), NFκB p65 (ser536;
Cell Signaling), NFκB (Cell Signaling), α-tubulin (Sigma
Aldrich), β-tubulin (Cell Signaling), Glu-tubulin (detyrosi-
nated α-tubulin; Abcam), and GAPDH (Santa Cruz Biotech-
nology). Signals derived from appropriate HRP-conjugated
secondary antibodies (Bethyl Laboratories) were captured
by Chemi DocTM XRS 2015 (Bio-Rad Laboratories), and
densitometric analysis was performed using Image Lab
software (version 5.2.1; Bio-Rad Laboratories©).

2.3. RNA Extraction and Quantitative Real-Time PCR
Analysis. The total mRNA of 2-, 4-, and 24-week-old wild-
type, mdx, and mdx/IL6 mice was extracted from liquid
nitrogen powdered diaphragm muscle in TRI Reagent
(Sigma-Aldrich) using Tyssue Lyser (Qiagen). To synthesize
double-stranded cDNA, 1μg of each RNA sample was
reverse transcribed using the QuantiTect Reverse Transcrip-
tion kit (Qiagen). For the analysis of IL-6, TNFα, IL-1β, IL-
10, and IL6rα, cDNA from each sample was preamplified
using the TaqMan PreAmp Master Mix (Applied Biosystem)
according to the manufacturer’s protocol. Quantitative real-
time PCR was performed, with or without preamplification
procedure, on ABI PRISM 7500 SDS (Applied Biosystem)
using specific 6-carboxyfluorescein (FAM)-labeled TaqMan
assays for SIRT1, Utrn, SOD1, SOD2, CAT-1, Gpx1, GCLC,
GCLM, NQO1, HO-1, IL-6, TNFα, IL-1β, IL-10, IL6rα, and
Hprt as housekeeping genes (Applied Biosystem). Data were
analysed using the 2-DDCt method and reported as mean
fold change in gene expression relative to wild type.

2.4. Dihydroethidium Staining and Confocal Analysis for ROS
Detection. Muscles from wild-type, mdx, mdx/IL-6, and
mdx-treated mice with the neutralizing monoclonal antibody
to the IL-6 receptor (moAb-IL6R) were embedded in tis-
sue freezing medium and snap frozen in nitrogen-cooled
isopentane. Muscle frozen sections (30μm) were incubated
with 5μM dihydroethidium (DHE) (Molecular Probes;
#D23107) in PBS at 37°C for 30min [13] and analysed
at confocal microscopy (Laser-Scanning TCS SP2; Leica)
to reveal ROS production. DHE fluorescence was analysed
with LAS AF Lite software, measuring the total intensity
of DHE fluorescence, which represents the full amount
of fluorescence held within the entire z-axis of the series.
60 optical sections/genotype for three separate experiments
were analysed.

2.5. Data and Statistical Analysis. Statistical analysis was per-
formed using the GraphPad Prism software (San Diego, CA,
USA). Statistically significant differences among groups were
assessed using one-way ANOVA with a Bonferroni’s posttest
or Dunn’s posttest and between pairs with Mann–Whitney
test or Student’s t-test for normally distributed variables.
All data are presented as mean± SEM; p < 0 05 is considered
statistically significant. Sample size was predetermined based
on the variability observed in preliminary and similar exper-
iments. All experiments requiring animal models were sub-
jected to randomization based on litter.

3. Results

3.1. Increased Levels of IL-6 Cytokine Contribute to Enhance
Markers of ROS Production in mdx Mouse Model. The prog-
ress of the dystropathology in the mdx mouse model has
been extensively described. A prenecrotic stage, characterized
by normal myofibres with peripheral nuclei, intact sarco-
lemma, and nonfragmented sarcoplasm, is observed within
the first 21 days of age. Necrosis peaks by 25-26 days and
then significantly decreases to stabilize by 8 weeks of age to
a relatively low level of active damage [2]. Among the
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secondary processes that accompany muscle degeneration,
the infiltration of inflammatory cells reflects the immune
response to tissue damage.

To verify whether oxidative stress is a direct consequence
of necrosis and inflammation or whether it can be induced in
the prenecrotic stage, we analysed relevant markers of the
redox signaling in the muscle of 2-week-old mdx mice. We
found a strong upregulation of gp91phox (NOX2), the main
source of ROS production [14, 15], in the diaphragm of 2-
week-old mdx mice compared to wild-type littermates
(Figure 1(a)), suggesting the presence of pro-oxidant condi-
tions during the early disease stages. This was supported by
a significant reduction in SIRT1 and Nrf2 expressions
(Figures 1(b) and 1(c)), which are important mediators that
promote the antioxidant response by activating several anti-
oxidant enzymes [16–20].

It has been reported that, although with the absence of
significant infiltration of mononuclear inflammatory cells
within the dystrophic muscle, DMD patients display an
increase in the plasma levels of proinflammatory cytokines
at the presymptomatic stage of the disease [21]. Thus, the
release of specific proinflammatory cytokines can stimulate
ROS production, enhancing cellular damage in DMD [22].
To support this evidence, we analysed relevant markers of
the oxidant and antioxidant signaling in the muscle of
mdx/IL6 mice [10] at the prenecrotic stage. Increased IL-6
plasma levels induced a strong upregulation of gp91phox
expression (Figure 1(a)) accompanied by a significant down-
regulation of SIRT1 and Nrf2 expressions (Figures 1(b) and
1(c)) in 2-week-old mdx/IL6 mice, compared to both wild-
type and mdx littermates. This suggests that IL-6 promotes
a perturbation of redox status in dystrophic muscles, modu-
lating relevant factors of the redox signaling even in the
prenecrotic phase.

To casually link IL-6 overexpression with ROS produc-
tion in DMD pathology, we treated 2-week-old mdx mice
with the neutralizing monoclonal antibody to the IL-6 recep-
tor (moAb-IL6R), as previously described [3]. Fifteen days
after the treatment, we analysed the ROS-sensitive dye
DHE in the muscle of untreated and moAb-IL6R-treated
mdxmice. Figure 1(d) shows a strong reduction of DHE fluo-
rescence in moAb-IL6R-treated mdx compared to untreated
mdx mice, indicating that IL-6 blockade prevents excessive
ROS production in dystrophic muscles. Notably, the muscle
of mdx/IL6 mice displayed a significant increase of DHE
fluorescence compared to that of control mdx and moAb-
IL6R-treated mdx littermates (Figure 1(d)), supporting the
role of IL-6 in the induction of pathologic changes observed
at prenecrotic stage.

Overexpression of utrophin (Utrn) is able to counteract
the lack of dystrophin protecting the sarcolemma integrity
in the dystrophic muscle [23, 24]. Thus, we evaluated the
levels of Utrn mRNA in the diaphragm of 2-week-old wild-
type, mdx, and mdx/IL6 mice and we found a significant
upregulation of its expression in mdx mice, compared to
both wild-type andmdx/IL6 mice (Figure 1(e)). Interestingly,
IL-6 overexpression reduced Utrn expression compared to
mdx littermates, further supporting the evidence that the
mdx/IL6 mouse model closely approximates the human

disease and more faithfully recapitulates the disease progres-
sion in humans.

3.2. Analysis of Nrf2 Antioxidant Genes in Muscle of
Dystrophic Mice at Prenecrotic Stage. We have recently
reported the central role of Nrf2 signaling pathway in the
pathogenesis of DMD [11]. To better define the Nrf2-
dependent antioxidant response in the prenecrotic dystro-
phic muscle, we analysed the expression of Nrf2 antioxidant
enzymes in 2-week-old mdx mice (Figure 2). We found
that the levels of several Nrf2-regulated gene expressions
including SOD1/2, CAT-1, Gpx1, and GCL [25] were
expressed at similar levels in both 2-week-old wild-type
and mdx mice, whereas NAD(P)H quinone dehydrogenase
1 (NQO1), the enzyme catalyzing the reduction of qui-
nones to hydroquinones, was reduced in mdx mice com-
pared to wild-type littermates (Figure 2(a)). Of note,
ROS-detoxifying enzymes, such as catalase-1 and Gpx1,
were significantly reduced in mdx/IL6 compared to mdx
mice, being consistent with the reduction in Nrf2 protein
level (Figure 1(c)).

Interestingly, HO-1, another Nrf2-regulated gene and a
modulator of the inflammatory response, was upregulated
in both mdx and mdx/IL6 mice compared to wild-type litter-
mates, although the expression of HO-1 resulted reduced in
mdx/IL6 mice compared to mdx littermates (Figure 2(b)).
It is plausible that the initial increase in IL-6 plasma levels
induces an alteration in the redox signaling, which might
stimulate the inflammatory response. To support this
hypothesis, we analysed the expression of both proinflam-
matory cytokines such as IL-6, TNFα, and IL-1β and
anti-inflammatory cytokine, such as IL-10, in 2-week-old
dystrophic mice (Figures 2(c), 2(d), 2(e), and 2(f)). We
found that increased plasma levels of IL-6 induced an
upregulation of relevant markers of muscle wasting, such
as IL6Rα (Figure 2(g)), IL-1β (Figure 2(e)), TNFα
(Figure 2(d)), and NFκB (Figure 2(h)) [26, 27] in mdx/
IL6 mice, compared to mdx littermates. This suggests that
IL-6 triggers an alteration in the redox signaling, initiating
degenerative process [22, 26, 27].

3.3. X-ROS Signaling Is Altered in Prenecrotic Dystrophic
Diaphragm Muscle and Increases during the Progression of
Pathology. In DMD, the primary defect leads to the alteration
of microtubule network (MT network) that activates robust
NOX2-dependent ROS production, a pathway called X-
ROS [28]. A complete transcriptome analysis on biopsies of
DMD patients has also revealed an upregulation of several
X-ROS-related transcripts, including NOX2 and nine differ-
ent tubulin isoforms [28]. Moreover, genetic silencing of
Nrf2 enhances X-ROS signaling in a mild mouse model of
DMD [29], suggesting a correlation between X-ROS
signaling and Nrf2-dependent antioxidant response. The
upregulation of NOX2’s catalytic (gp91phox) subunit,
which we observed in the prenecrotic dystrophic muscle
(Figure 1(b)), suggests the presence of pro-oxidant condi-
tions that could be dependent by the alteration of X-
ROS signaling.
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Figure 1: Analysis of redox-regulating signaling in the diaphragm muscle of 2-week-old dystrophic mice. Western blot analysis (right panels
show representative images) for the expression of gp91phox (a) and Nrf2 (c) proteins in 2-week-old wild-type (WT), mdx, and mdx/IL6 mice.
Values represent mean± SEM; n = 3 to 6 mice per group. ∗p < 0 05, ∗∗p < 0 005, and ∗∗∗p < 0 0005 compared to WT mice; #p < 0 05 between
mdx and mdx/IL6 littermates by ANOVA. Real-time PCR analysis performed on diaphragm muscles fromWT, mdx, and mdx/IL6 mice at 2
weeks of age for the expression of SIRT1 (b) and utrophin (Utrn) (e). Values are reported as fold change in expression and represent
mean± SEM; n = 4 to 12 per group. ∗p < 0 05, ∗∗p < 0 005 compared to WT mice; #p < 0 05 (by ANOVA). (d) Blockade of IL-6 receptor
by moAb-IL6R neutralizing antibody reduces the amount of DHE-derived fluorescence in treated mdx compared to untreated mdx
mice. Graphs (left panel) show the quantification of DHE total intensity in the muscles of indicated genotypes. The right panel
shows representative images of DHE staining from the muscle sections of 4-week-old mdx/IL-6 and moAb-IL6R-treated and
untreated mdx mice. Scale bar, 100 μm. Values represent mean± SEM; n = 3 independent experiments. ∗∗∗∗p < 0 0001, ##p < 0 005
using ANOVA. In (a) and (c), the lanes were run on the same gel but were not contiguous.
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To support this hypothesis, we analysed the density of
MT network in terms of the abundance of α-, β-, and Glu-
tubulin proteins, in dystrophic muscles at 2 weeks of age
(Figures 3(a), 3(b), and 3(c)). We found an upregulation of
the overall subunits in mdx and mdx/IL6 compared to wild
type mice, indicating an alteration of microtubule network
at this stage of pathology. Notably, we observed a significant
increase in detyrosination of tubulin content (Glu-tubulin),
but not of the α (Figure 3(a))- and β (Figure 3(b))-tubulin
subunits, in the diaphragm of mdx/IL6 mice compared to
mdx littermates (Figure 3(c)).

To verify whether ROS production parallels X-ROS
signaling during the progression of DMD pathology, we
analysed gp91phox expression and microtubule subunits’
content in dystrophic mice at 4 and 24 weeks of age
(Figures 3(d) and 3(e)). We found that the dystrophic
muscle displayed per se increased levels of gp91phox and
tubulin subunit expression at both 4 (Figure 3(d)) and

24 weeks of age (Figure 3(e)) compared to wild type,
whereas increased levels of IL-6 significantly enhanced con-
tent of gp91phox and of α-, β-, and Glu-tubulin proteins
compared to mdx mice, suggesting that IL-6 exacerbates
the dystrophic phenotype acting also on the stimulation of
X-ROS signaling.

3.4. Increased Levels of IL-6 Affect Nrf2 Antioxidant Response
during the Progression of Pathology. In order to evaluate the
correlation between the temporal progression of X-ROS
signaling and Nrf2-dependent antioxidant response in
muscular dystrophy and to better define the pathogenic
role of IL-6 in muscular dystrophy, we analysed the
Nrf2-mediated antioxidant enzyme expression in the dia-
phragm of mdx and mdx/IL6 mice at different stages of
pathology (Figure 4). In particular, we evaluated the antioxi-
dant response in dystrophic mice at two different ages and
stages of disease, namely, at 4 weeks of age, in which a peak
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Figure 2: Nrf2 antioxidant genes are differently regulated in the prenecrotic dystrophic muscle. (a) Real-time PCR analysis of Nrf2-
dependent genes (SOD1, SOD2, CAT-1, Gpx1, GCL, and NQO1) performed on the diaphragm muscle of 2-week-old WT, mdx, and mdx/
IL6 mice. Values are reported as fold change in expression relative to the calibrator (WT, horizontal dot line) and represent mean± SEM;
n = 3 to 5 per group. p value by unpaired statistical tests. ^p < 0 05, ^^p < 0 005. Analysis of HO-1 mRNA (b), IL-6 mRNA (c), TNFα
mRNA (d), IL-1β mRNA (e), IL-10 mRNA (f), and IL6rα mRNA (g) expressions in the diaphragm of 2-week-old WT, mdx, and mdx/IL6
mice. Data are presented as the mean± SEM; n = 3 to 6 mice per group. ∗p < 0 05, ∗∗p < 0 005, and ∗∗∗p < 0 0005 compared to WT
mice; #p < 0 05, ##p < 0 005 between mdx and mdx/IL6 littermates (by ANOVA). (h) Densitometric analysis (left panel) and representative
western blot (right panel) for NFκB active (NFκB p65) and total (NFκB TOT) protein expression in the diaphragm muscle of indicated
genotypes. Values are reported as mean± SEM; n = 5 to 7 per group. p using Student’s two-tailed t-test. In (h), gels were simultaneously
run under same experimental conditions.
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of necrosis is observed, and at 24weeks of age, a stage in which
the affected muscle rapidly regenerates and regains structural
and functional integrity [2].

We found that most of the antioxidant enzymes, includ-
ing CAT-1, Gpx1, and GCL, were upregulated in 4-week-old
mdx and mdx/IL6 mice compared to wild-type littermates
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Figure 3: X-ROS signaling is altered in the prenecrotic dystrophic diaphragm muscle and increased during the progression of pathology.
Densitometric analysis (upper panels) and representative images (bottom panels) of western blot analysis for the expression of α-tubulin
(a), β-tubulin (b), and Glu-tubulin (c) proteins in the diaphragm muscle of 2-week-old WT, mdx, and mdx/IL6 mice. Values represent
mean± SEM; n = 3 to 7 mice per group. p value by ANOVA. X-ROS signaling components were analysed by western blot (left panels
show representative images) at later stages of pathology in 4-week-old (d) and 24-week-old (e) diaphragm muscle from WT, mdx, and
mdx/IL6 mice. Values are reported as protein content relative to age-matched WT (horizontal dot line) and represent mean± SEM; n = 3
to 7 mice per group. ^p < 0 05, ^^p < 0 005, and ^^^p < 0 0005 compared to WT mice; ∗p < 0 05, ∗∗p < 0 005 with respect to mdx
littermates (by ANOVA). Temporal progression of gp91phox (f), α-tubulin (g), β-tubulin (h), and Glu-tubulin (i) proteins between 4
weeks (4 w) and 24 weeks (24w) of age in the diaphragm muscles of indicated genotypes. Graphs show an increase of the expression levels
of tubulin subunits and of gp91phox protein during the progression of pathology. Values represent mean± SEM. ∗p < 0 05, ∗∗p < 0 005,
and ∗∗∗∗p < 0 0001 by ANOVA.
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(Figure 4(a)). Notably, the increased plasma levels of IL-6
induced a more significant upregulation of CAT-1 com-
pared to mdx mice (Figure 4(a)). We also found that the
levels of mRNAs that encode the components of gamma-
glutamyl-cysteine ligase and the rate-limiting enzyme for
glutathione biosynthesis (glutamyl-cysteine ligase modula-
tor (GCLM) and glutamyl-cysteine ligase catalytic subunit
(GCLC)) were expressed at higher levels in mdx/IL6 mice
compared to mdx littermates, indicating that IL-6 overex-
pression induces a dysregulation of GSH synthesis in dys-
trophic muscles. These data suggest that the exacerbated
muscle phenotype, induced by increased levels of IL-6 is
associated with an imbalance between oxidant and antiox-
idant systems, as also suggested by increased expression of
Nrf2 protein in 4-week-old mdx/IL6 mice compared to
mdx littermates (Figure 4(b)).

Then, we analysed the expression pattern of the antioxi-
dant enzymes in both mdx and mdx/IL6 mice of 24 weeks
of age, a stage normally spared by the absence of dystrophin.
We observed that CAT-1 and Gpx1, which catalyze the
conversion of hydrogen peroxide to water and oxygen, were

still upregulated in the diaphragm of 24-week-old mdx mice
compared to both wild-type and mdx/IL6 mice (Figure 4(c)).
This suggests that the antioxidant compensatory mechanism
is still activated in adult mdx muscles and this might explain
the mild muscle phenotype observed in mdx mice at
this stage of pathology. In contrast, increased levels of
IL-6 induced a significant downregulation of the ROS-
detoxifying enzymes, compared to mdx mice, suggesting
that IL-6 overexpression negatively affects the compensatory
response in the dystrophic muscle. This evidence was
supported by the significant reduction of Nrf2 protein
expression in 24-week-old mdx/IL6 mice compared to mdx
littermates (Figure 4(d)).

4. Discussion

In this study, we monitored relevant markers of the redox
signaling in the dystrophic muscle and suggested a poten-
tial link between increased circulating levels of IL-6 and
oxidative damage.
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Figure 4: Time course analysis of Nrf2-dependent antioxidant response in dystrophic mice. Real-time PCR analysis performed on diaphragm
muscles from wild-type (WT), mdx, and mdx/IL6 mice at 4 (a) and 24 (c) weeks of age for the expression of Nrf2-dependent genes involved in
the antioxidant response. Values are reported as fold change in the expression relative to the calibrator (WT, horizontal dot line) and
represent mean± SEM; n = 3 to 6 mice per group. ^p < 0 05, ^^p < 0 005 compared to WT mice; ∗p < 0 05, ∗∗p < 0 005 with respect to mdx
littermates (by ANOVA). Nrf2 protein expression was evaluated by western blot analysis (right panels show representative images) in 4-
week-old (b) and 24-week-old (d) diaphragms of indicated genotypes. Densitometric analyses (left panels) are expressed as values relative
to age-matched mdx and represent mean± SEM; n = 4 to 5 mice per group. p value using Student’s two-tailed t-test.
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Duchenne muscular dystrophy is an X-linked genetic
disease due to mutations in the dystrophin gene, leading to
alterations in intracellular signaling that causes an imbalance
between protein synthesis and protein degradation, with
subsequent necrosis and fibrosis [1].

Currently, there is no effective therapy for Duchenne
muscular dystrophy. Although stem cells and exon skip-
ping approach offer new tools for regeneration in muscle
disease, the signaling and molecular pathway involved in
the survival of the rescued phenotype is an important
question that remains to be satisfactorily addressed. Among
factors that might interfere with therapeutic approaches,
the dystrophic environment represents an important deter-
minant [30]. Thus, a better understanding of the hostile
microenvironment should prove useful for producing new
adjuvant treatments.

Potential candidates that contribute to sustain a hos-
tile microenvironment in the dystrophic muscle include
oxidative stress [4] and interleukin-6 (IL-6), a pleiotropic
cytokine that is produced by different cell types and has
the capacity to induce several different intracellular signaling
pathways [3, 10, 31]. The skeletal muscle is able to activate,
under physiological conditions, an endogenous program of
antioxidant defense to maintain the ROS production at a
functional level [7]. Nevertheless, damaging stimuli might
alter the delicate balance between ROS production and anti-
oxidant defense, leading to oxidative stress. The opposite
effects exerted by different concentration of ROS can be jus-
tified considering the concept of hormesis [32], in which a
low dose of a substance is stimulatory and a high dose is
inhibitory. Thus, the muscle benefits from low doses of
radicals while it is damaged by higher levels of ROS.

Our work supports the evidence that dystrophic mus-
cle is able to activate a compensatory response to cope

the negative effects of oxidative stress. Nevertheless, this
compensatory mechanism is impinged by factors that
are associated with the pathogenesis of muscular dystro-
phy, such as IL-6. Indeed, the persistent activation of
IL-6 signaling impairs the antioxidant response during
the progression of pathology, contributing to the severity
of pathology.

In particular, we first verified whether relevant markers
of the redox signaling are direct targets of necrosis and
inflammation, which characterize the necrotic stage of the
disease, or whether they can be induced in the prenecrotic
stage. We found a strong upregulation of one of the relevant
and critical factors for ROS production in the dystrophic
muscle, namely, gp91phox (NOX2), and a significant reduc-
tion in SIRT1 and Nrf2 expression, important mediators of
the antioxidant response, in the diaphragm muscle of 2-
week-old mdx mice compared to wild-type littermates. This
indicates that the activation of redox-regulated signaling pre-
cedes necrosis rather than resulting from it and supports oxi-
dative stress as a primary pathogenetic mechanism in
muscular dystrophy [4].

We also analysed the relevant markers of the X-ROS
signaling at 4 weeks (necrotic stage) and 24 weeks (a stage
normally spared by the absence of dystrophin) of age in
mdx mice. We revealed that X-ROS signaling is already
altered in the dystrophic diaphragm at the necrotic stage,
whereas markers of the antioxidant compensatory mecha-
nism were upregulated in adult mdx muscles.

To further support the evidence that the imbalance
between oxidant and antioxidant mechanisms is a patho-
genic factor associated with the severity of pathology, we
analysed the markers of X-ROS signaling in the dia-
phragm muscle of mdx/IL6 mouse model, which recapitu-
lates the severe phenotypic characteristics of DMD in
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Figure 5: IL-6 exacerbates the oxidant-related damage in the dystrophic muscle. Increased levels of IL-6 could contribute to amplify
degenerative processes in mdxmice by enhancing the expression of both gp91phox and NFκB and by reducing the Nrf2-antioxidant response.
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humans [3, 10]. Sustained increase in the levels of IL-6
alone is sufficient to exacerbate the dystrophic phenotype
at a stage, 24 weeks of age, when only a mild muscle phe-
notype is apparent in mdx mice [10]. We revealed that
increased levels of IL-6 induced a significant downregula-
tion of the ROS-detoxifying enzymes, compared to mdx
mice, and negatively affect the compensatory response in
the dystrophic muscle.

5. Conclusion

Overall, our study is consistent with the model in which
IL-6 could act as an important player in the crosstalk
between ROS production and inflammatory response
[22]. Increased levels of IL-6 enhance the expression of
both gp91phox and NFκB and impinge the Nrf2-
dependent antioxidant response in the dystrophic muscle,
even at the prenecrotic stage (Figure 5). This altered redox-
regulated signaling might trigger an inflammatory response,
leading to muscle wasting.
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Background. Nitric oxide can successfully compete with oxygen for sites of electron-transport chain in conditions of myocardial
hypoxia.These features may prevent excessive oxidative stress occurring in cardiomyocytes during sudden hypoxia-reoxygenation.
Aim. To study the action of the potent stable NO donor dinitrosyl iron complex with glutathione (Oxacom�) on the recovery of
myocardial contractile function and Ca2+ transients in cardiomyocytes during hypoxia-reoxygenation. Results. The isolated rat
hearts were subjected to 30min hypoxia followed by 30min reoxygenation. The presence of 30 nM Oxacom in hypoxic perfusate
reduced myocardial contracture and improved recovery of left ventricular developed pressure partly due to elimination of cardiac
arrhythmias.The sameOxacom concentration limited reactive oxygen species generation in hypoxic cardiomyocytes and increased
the viability of isolated cardiomyocytes during hypoxia from 12 to 52% and after reoxygenation from 0 to 40%. Oxacom prevented
hypoxia-induced elevation of diastolic Ca2+ level and eliminated Ca2+ transport alterations manifested by slow Ca2+ removal
from the sarcoplasm and delay in cardiomyocyte relaxation. Conclusion. The potent stable NO donor preserved cardiomyocyte
integrity and improved functional recovery at hypoxia-reoxygenation both in the isolated heart and in cardiomyocytes mainly due
to preservation of Ca2+ transport. Oxacom demonstrates potential for cardioprotection during hypoxia-reoxygenation.

1. Introduction

Oxidative stress in cells occurs when reactive oxygen species
(ROS) prevail over the means of antioxidant protection.
Reoxygenation after a period of hypoxia is a classic model
of oxidative stress. Cardiomyocytes in hypoxic conditions
mobilize a number of protective mechanisms to enable
them to retain integrity in this critical period and restore
normal function at reoxygenation. A deep fall in contractile
function allows them to conserve limited stores of ATP and
phosphocreatine. This is realized by means of limiting Ca2+
entry into cells [1] due to the shortening of action potential
and early release of K+, which gradually reduces excitability
of cardiomyocytes. Also, the activity of Ca2+-ATPase of
sarcoplasmic reticulum (SERCA2) declines quite rapidly [2],
with further reduction in Ca2+ uptake in the reticulum and
subsequent release into sarcoplasm. However, an increased

level of sarcoplasmic Ca2+ in diastole [3], especially during
reoxygenation, induces the opening of the mitochondrial
pores [4] with the subsequent fall of the potential.

In the last decade, many aspects of altered redox regu-
lation in hypoxia became more evident. Although oxygen
consumption during hypoxia is reduced, the mitochondria
continue to generate superoxide [5], although in smaller
amounts, about one-third of normal production, according
to some estimates [1]. Perhaps, this is due to incomplete use
of oxygen, because activation of NO synthases, especially of
NOS3 [6] that occurs during the initial period of hypoxia,
changes the competition between oxygen and nitric oxide
for cytochrome oxidase in favor of the latter [7]. Moreover,
NO, as well as S-nitrosothiols, can inhibit complex I by S-
nitrosylation. This effect can be blocked by reducing agents,
nitrolases and thioredoxin [8]. Thus, NO accumulation plays
a protective role, as it allows chelating iron released from
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oxygen complexes to form NO-Fe2+ complexes in the pres-
ence of glutathione [9].

In light of these findings, elevated NO levels could
potentially be useful during reoxygenation when the avail-
ability of oxygen to mitochondria suddenly multiplies. The
well-known NO donors such as nitroglycerin, nitrosorbide,
nitroprusside, and nitrite liberate NO in cells and tissues
during their metabolism. However, some of these substances,
such as sodium nitroprusside, contain cyanide anions, while
other compounds including nitroglycerin can induce methe-
moglobinemia. As a result of decades-long research of profes-
sor Anatoly F. Vanin (Semenov Institute of Chemical Physics,
Russian Academy of Sciences) and his colleagues, it was
established that S-nitrosothiols present in cells can easily
interact with iron ions released from the iron donor ferritin
to form dinitrosyl iron complexes (DNIC) [10, 11]. The main
feature of DNIC is that they serve as carriers of the “ready-
to-use,” iron-stabilized form of NO and do not contain toxic
components. When local NO concentration decreases the
DNIC release nitric oxide and chelate it while in excess, thus
functioning as nitric oxide depot/buffer in cells.

This concept was embodied at the Russian Cardiology
Research and Production Complex by creating a drug Oxa-
com (Patent RU2291880) which represents a DNIC with glu-
tathione as a ligand. In preclinical studies, a dose-dependent
hypotensive effect of Oxacom in conscious rats was observed
[12]. Oxacom injection substantially increased nitric oxide
content in various rat organs. Lungs and liver demonstrated
5-6-fold increase of NO content while in the heart NO
levels rise 14-fold [13]. During phase 1 and 2 clinical trials
Oxacomwas tested in healthy volunteers and in patients with
hypertensive crisis. In these groups, it consistently reduced
arterial blood pressure by 15–20% for 8–10 hours [14]. In the
present report, we provide evidence that DNIC in the form of
Oxacomcould be successfully used to protect cardiomyocytes
from functional decline and damage associatedwith hypoxia-
reoxygenation and oxidative stress. These results for the first
time outline the novel possible therapeutic implication for
Oxacom as antihypoxic cardioprotective drug.

2. Materials and Methods

2.1. Isolated Heart Experiments. Hearts were isolated from
male Wistar rats (𝑛 = 48) anesthetized with ketamine
(100mg/kg). The protocol of experiments was approved by
the Animal Ethics Committee of the Institute of Experi-
mental Cardiology of the Russian Cardiology Research and
Production Complex (# 3/15). Hearts were isolated from
rats anesthetized with ketamine (100mg/kg). Hearts were
cannulated and coronary vessels were retrogradely perfused
at 37∘C using standard Krebs-Henseleit solution containing
11mM glucose and presaturated with carbogen (95% O2,
5% CO2). A latex balloon was introduced into the left
ventricle (LV) and isovolumic pressure in LV and ECG were
monitored. The balloon was filled with liquid to set diastolic
pressure at 10–12mmHg in order to achieve an optimal
distension of LV. Retrograde perfusion was conducted at
constant pressure of 70mmHg. Electrodeswere placed on the
right atrium for electrostimulation.

Heart perfusion was performed in a specialized Hugo
Saks perfusion system. The LV pressure and ECG were
recorded usingHarvard Apparatus (USA) sensors and ampli-
fiers. All signals (LV pressure and coronary perfusion rate)
were transferred to the computer through the preliminary
amplifiers and analog-to-digital converter (ADC:USB-6215,
National Instruments, USA, using sampling rate of 1000Hz).
In addition to analog signals (maximum and minimum LV
pressure, rates of pressure rise and drop, and heart rate)
the heart work index (the product of developed pressure
and heart rate), which characterizes the overall energy con-
sumption, and relaxation index (LV −𝑑𝑃/𝑑𝑡 divided by LV
developed pressure) were calculated.

In order to manage the ADC and record primary signals
as binary files on the computer’s hard drive, as well as for fur-
ther analysis of signals, computer programs were developed
by Dr. Lukoshkova using National Instruments LabVIEW
graphical programming environment. These programs cal-
culate functionally relevant parameters in each cardiocycle,
average these parameters for every 2 seconds, record all
estimated parameters into text files, and continuously display
averaged values as trends on the monitor screen.

The program is designed for the analysis of records,
primarily, of calculated values. It allows examine trends of
functionally relevant parameters throughout the experiment
and at any stage of the experiment. It provides options to
remove artefact values and average the results of measure-
ments in a variety of modes: (a) using averaging intervals
from 6 s to 30min; (b) linking the beginning of an averaged
segment to the mark introduced by the operator during the
experiment; (c) averaging betweenmarks; and (d) combining
averagingmodes.The results of calculations can be written as
text files or directly transferred to Excel spreadsheet using a
ClipBoard function.

2.1.1. Experimental Protocol. After recording of the cardiac
baseline function, stepwise electric stimulation with increas-
ing rate exceeding the spontaneous rate was applied using
increments of 0.5Hz up to 12Hz and pacing for 15 sec at each
rate. Then electrostimulation was stopped and 10 minutes
later the functional parameters were recorded before the start
of hypoxic perfusion.The 30min hypoxia (replacement of O2
by N2 in perfusate) was followed by 30min reoxygenation.
This protocol was chosen after the preliminary tests, which
revealed that 20-minute hypoxia was insufficient to cause
cardiac dysfunction and the degree of recovery was close to
100%. At the end of experiment, electric stimulation with
increasing rate was repeated. Oxacom (30 nM) was added to
perfusate during hypoxic perfusion and it was not added at
reoxygenation.

An assessment of the heart dysfunctionwas performed by
comparison of its functional parameters before, during, and
after hypoxia. An indispensable component of this evaluation
was themagnitude of LV diastolic pressure, which reflects the
degree of myocardial stiffness occurring during hypoxia.

2.2. Determination of Glutathione Levels inMyocardial Tissue.
Rat hearts were washed with phosphate buffered saline and
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frozen in liquid nitrogen immediately after experimental
procedures. The tissue was ground in liquid nitrogen, and
three volumes of 5% 5-sulphosalicylic acid (SSA) were added
to 0.1–0.3mg of the powder. The tissue sample was extracted
using a glass-glass homogenizer on ice and centrifuged
at 10,000×g for 10min at 4∘C to pellet the proteins. The
supernatant fraction (up to 10 𝜇L) was used for measure-
ments of total glutathione (GSH + GSSG) content using
Glutathione Assay Kit (Sigma) according to the manufac-
turer’s instructions in a buffer containing 95mM KH2PO4,
pH 7.0, 0.95mM EGTA, 48mM NADPH, 0.031mg/mL
5,5-dithiobis(2-nitrobenzoic acid) (DTNB), 0.115U/mL glu-
tathione reductase, and 0.24% SSA in a final volume of
200𝜇L. Kinetics of DTNB reduction to 5-thio-2-nitrobenzoic
acid (TNB) were measured using a Victor X3 plate reader
(Perkin Elmer) at 405 nm. The amount of glutathione was
calculated using a standard curve of reduced glutathione.
Data were expressed as a mean from at least triplicate mea-
surements ± standard deviation (SD). Amount of reduced
glutathione (GSH) was calculated frommeasurements where
both NADPH and glutathione reductase were excluded from
the assay mixture. Average relative amount of reduced glu-
tathione in the heart was calculated based on determined
values.

2.3. Isolation and Manipulation of Cardiomyocytes. Right
before cardiomyocyte isolation all buffers were supplemented
with 1000U/L heparin, warmed to 37∘C in a water bath, and
bubbled with carbogen (95% O2, 5% CO2) for 30min. Rat
heart was cannulated through aorta and perfused for 10min
according to the method of Langendorf to remove blood
with Krebs-Henseleit buffer supplementedwith 1.2mMCa2+.
Next, heart was perfused with Ca2+-free buffer for 30min
to remove Ca2+ from extracellular spaces. After washing
steps, heart was perfused in a recirculation mode for 30min
with 10mL of 0.5mg/mL collagenase (CLS 2, Worthington,
325U/mg) solution in a Ca2+-free buffer. Following perfu-
sion the heart was placed in a petri dish with 10mL of
fresh collagenase solution and minced in 1-2mm3 pieces
using fine scissors. Tissue suspension was transferred in
50mL tube and gently pipetted for 10–15min using sterile
5mL plastic pipette with wide opening. Digested tissue was
filtered through the 200 micron Nylon mesh to separate
isolated cardiomyocytes from undigested heart fragments.
Cardiomyocyte suspension was left in a sterile 50mL tube
for 10min to settle down live cells. Then the supernatant
was removed and cardiomyocytes were gently resuspended
in 10mL of albumin solution (6mg/mL) supplemented with
0.1mM Ca2+ and left for 10min to settle. This step was
repeated several times by placing cells in an albumin solution
with increasing concentration of Ca2+ using steps of 0.25mM
until 1mMCa2+ was set. Cardiomyocytes were kept at 4∘C in
Krebs-Henseleit solution supplemented with 1mM Ca2+ and
6mg/mL albumin no more than 12 hours after isolation.

In order to reproduce normoxic or hypoxic conditions
during the experiment cardiomyocytes were placed in exper-
imental chamber in the buffer bubbled with carbogen or
hypoxic gas mixture (95% N2, 5% CO2), respectively, and the

chamber space above the buffer was constantly flashed with
the corresponding gas mixture.

2.4. Ca2+ Transient Measurements in Cardiomyocytes. Car-
diomyocytes were loaded with fluorescent Ca2+ indicator
Fluo-4 (Invitrogen) for 20min in the dark and transferred
in a 250 𝜇L experimental chamber made of plastic walls and
glass coverslip as the bottom. Two platinum electrodes are
fixed at the opposite walls of the chamber. These electrodes
are connected to Grass SD9 electrostimulator and are used to
pace cardiomyocytes in the chamber by rectangular electric
impulses at 38V and 1Hz. The chamber is mounted on the
stage of an inverted AxioVert 200M microscope (Zeiss) in a
thermostat set at 37∘C. Buffer is delivered in the chamber by
gravity flow at 1–5mL/min and removed from the chamber
using a peristaltic pump. Cardiomyocytes are monitored
through the coverslip using x63 oil objective and AxioCam
HS high speed CCD camera (Zeiss). Fluorescence of Fluo-
4 is excited using an HBO 103W/2 mercury lamp (Osram)
and an appropriate filter cube for FITC-based fluorophores.
Illumination intensity is kept low and exposure times are
made short in order to prevent Fluo-4 bleaching and car-
diomyocyte damage. Fluorescent signal from the individual
cardiomyocytes is recorded at 50–200 frames/sec and images
are streamlined to a terabyte hard drive for further processing
using AxioVision Physiology software (Zeiss).

2.5. Reactive Oxygen Species Measurement in Cardiomyocytes.
Fluorescent indicatorDihydrorhodamine 123 (ThermoFisher
Scientific) was used to assess reactive oxygen species (ROS)
accumulation in isolated rat cardiomyocytes.The same exper-
imental setup was used as described above for Ca2+-transient
measurements in cardiomyocytes. Cells were loaded with
DHR 123 for 20min. Electrostimulation of cardiomyocytes
was done in parallel with fluorescence recording and between
interventions cells were kept in the dark.

2.6. Statistics. Statistical processing of experimental data
obtained in isolated heart and isolated cardiomyocyte studies
was performed using Statistics Package in Microsoft Excel
2013 and Student’s 𝑡-test. Values in the tables and text are
given as𝑀± SEM unless indicated differently.

3. Results and Discussion

3.1. Isolated Perfused Heart Experiments

3.1.1. Selection of Oxacom Concentration. In order to deter-
mine an optimal concentration of Oxacom to be used during
hypoxic perfusion, we studied this compound across the
concentration range of 0.01–2.7𝜇Min oxygenated hearts.The
coronary flow rate was monitored as the main parameter as
the increased rate under constant perfusion pressure indi-
cates a decreased tone of the coronary vessels. Coronary flow
rate clearly increased from 16.0 ± 1.2 to 20.2 ± 1.2mL/min,
but the changes in LV developed pressure weremodest, about
+7–9%. Only Oxacom concentration of 2.7 𝜇M caused a
distinct decrease in LV developed pressure by 24%. In this
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Table 1: Functional parameters of the isolated heart in the absence and in the presence of Oxacom in hypoxic perfusate.

Before hypoxia

After hypoxia
(30min) and

reoxygenation
(30min)

Control Oxacom Control Oxacom
(𝑛 = 15) (𝑛 = 9) (𝑛 = 11) (𝑛 = 9)

Heart rate, beats/min 267 ± 9 250 ± 10 267 ± 11 253 ± 9

LV developed pressure, mmHg 183 ± 6 195 ± 6 61 ± 8 79 ± 6

+𝑑𝑃/𝑑𝑡max, mmHg/s 4490 ± 200 4830 ± 160 1520 ± 167 2020 ± 169

–𝑑𝑃/𝑑𝑡max, mmHg/s 2630 ± 96 2670 ± 116 1240 ± 196 1760 ± 93∗

LV diastolic pressure, mmHg 10 ± 1 9 ± 1 59 ± 5 45 ± 4

Coronary flow rate, mL/min 18.0 ± 1.7 18.1 ± 1.1 16.8 ± 4.3 13.3 ± 1.2
∗𝑝 < 0.05 versus control after hypoxia-reoxygenation.

regard, for further work the concentration of Oxacom 30 nM
was selected, which reliably increased coronary flow rate and
the index of relaxation by 8-9%. Both these effects could
be interpreted as facilitation of Ca2+ removal from smooth
muscle cells and cardiomyocytes, the events compatible with
the reduction of hypoxic injury to myocardium.

3.1.2. Hypoxia-Reoxygenation in Control Experiments. Base-
line cardiac functional parameters are important for recovery
of function after hypoxia-reoxygenation. It is known that
lower intensity of oxidative metabolism at the beginning of
hypoxia provides better recovery after reoxygenation. In this
regard, the experiments where LV developed pressure was
below 130mmHg and heart rate was below 230 beats/min
were excluded from analysis.

Hypoxic perfusion of the heart resulted in a steep drop of
LV developed pressure already in the first minutes of hypoxia
along with increasing LV diastolic pressure that characterized
myocardial contracture. Cardiac arrhythmias were observed
in hypoxic period and they increased dramatically during
reoxygenation. Arrhythmic events included extrasystoles,
idioventricular rhythm, and fibrillation, which ceased spon-
taneously. Altogether, due to these reasons 4 hearts of 15 total
did not restore function at the end of experiments.

By the end of reoxygenation the heart rate restored
function completely while LV developed pressure restored
function only by 27 ± 6% (by 34 ± 4% excluding experiments
with zero recovery). The cardiac work changed accordingly.
The LV diastolic pressure dramatically rose during hypoxia
and slightly increased by the end of reoxygenation averaging
57 ± 5mmHg.

3.1.3. Action of Oxacom in Hypoxia-Reoxygenation. During
10–30min period of hypoxia in the presence of Oxacom
the plateau level of LV diastolic pressure was consistently
lower by 12–20mmHg than in control and this difference
was statistically significant (Figure 1). During reoxygenation
step, this difference persisted throughout the period. The
rate of LV diastolic pressure lowering was higher in these
experiments than in controls, especially at the initial stage of
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Figure 1: LV diastolic pressure after periods of normoxia (20min),
hypoxia (10–20–30min), and reoxygenation (30min) in the absence
(blue) and in the presence of Oxacom (orange) in hypoxic perfusate.
∗𝑝 < 0.05; ∗∗𝑝 < 0.01.

reoxygenation. Thus, Oxacom attenuated both hypoxia- and
reoxygenation-induced myocardial contractures.

In both groups studied, the cardiac functional param-
eters before hypoxia were similar (Table 1). After hypoxia-
reoxygenation the average values in Oxacom group tended
to be better whereas −𝑑𝑃/𝑑𝑡max parameter was significantly
higher than in control.

Recurrent arrhythmias were observed during both peri-
ods of hypoxia and reoxygenation in control and Oxacom
experiments. Overall, the arrhythmias were observed in 10
out of 11 experiments in control group and in 7 out of 9
experiments in Oxacom group. The average integral length
of arrhythmic events in control group was 14 ± 2min, half
of which originated from ventricular tachycardia (7± 1min).
InOxacom group, the same distribution of arrhythmic events
was observed; however, the values were significantly smaller,
4 ± 1min and 2 ± 1min (𝑝 < 0.02).

First NO-related effects on hypoxia- and reoxygenation-
induced arrhythmias, especially ventricular arrhythmias,
were reported in the 1970s when nitroglycerin was shown to
be effective in these conditions (for review see [15]). Later
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Figure 2: The time course of LV developed pressure during reoxy-
genation in groups in the absence and in the presence of Oxacom
in hypoxic perfusate. Values in Oxacom group are significantly
different from control group (𝑝 < 0.05).

several groups used NO precursor L-arginine as well as L-
arginine methyl ester to cope with experimental ventric-
ular arrhythmia [16, 17]. Although these studies reported
successful prevention of arrhythmia, the concentrations of
substances used to achieve restoration of normal electric
activity of the heart ranged from 5mM to 100mM exceeding
estimated concentration of L-arginine in plasma 50–1000-
fold [18].

The time course of LV developed pressure highly
depended on arrhythmias because, during arrhythmic
episodes, it dropped almost to zero. Still, in the presence
of Oxacom LV pressure was maintained at higher levels
throughout the hypoxic period and especially at the start of
reoxygenation when arrhythmias in Oxacom group quickly
ceased (Figure 2). The developed pressure in Oxacom
group was also higher throughout reoxygenation period
comprising 29 ± 4% of the initial value at 10min (control
8 ± 4%, 𝑝 < 0.01), 34 ± 6% at 20min (control 15 ± 5%,
𝑝 < 0.05), and 41 ± 3% at 30min (control 33 ± 4%, 𝑝 < 0.01,
paired Student’s 𝑡-test).

An attempt to restore cardiac function using L-arginine
was undertaken by Agulló et al. [19]. They added 3mM
L-arginine to a perfusing solution for isolated hearts and
improved recovery of the contractile function after reoxy-
genation from 2% to 12% of the initial value. An opposite
effect was noticed when an inhibitor of soluble guanylate
cyclase was used. Thus, the protective effect of arginine
was apparently realized through the increased formation of
cGMP.

Electrostimulation with increasing rate was performed
before and after hypoxia-reoxygenation.The results shown in
Figure 3 demonstrate that stimulation of normoxic hearts at
the rate of 5.0−7.5Hz was accompanied by the rise in cardiac
work index. This increase was rather small due to the high
levels of developed pressure in the group (183–195mmHg).
At higher stimulation rates, the index declined smoothly;
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Figure 3: Dependence of cardiac work index (CWI) on the rate
of heart electrostimulation before and after hypoxia-reoxygenation.
CWI = LV developed pressure × heart rate; RO, reoxygenation.
Difference between Oxacom and control after reoxygenation is
statistically significant at 6-7 and 10–12Hz (𝑝 < 0.05).

still, all the hearts successfully reproduced the highest rate of
12Hz.

After reoxygenation cardiac work index in control group
stimulated at initial 5Hz rate was significantly lower than in
Oxacom group (𝑝 < 0.02). Further increase of stimulation
rate resulted in the failure of 3 out of 11 control hearts
to reproduce the frequency above 10Hz while two hearts
failed at 8Hz. In contrast, all the hearts in Oxacom group
successfully reproduced the highest applied stimulation rate.
Based on the heart performance, the average cardiac work
index in Oxacom group was 1.5–2-fold higher than in control
group (𝑝 < 0.01). At maximal rate of stimulation, the cardiac
work index in Oxacom group accounted for approximately
75% of the CWI for untreated normoxic heart.

Thus, addition of 30 nM Oxacom to hypoxic perfusate
reduced hypoxic and reoxygenation contracture, maintained
steady cardiac work during the period of hypoxia, and
increased the degree of functional recovery of the heart
following reoxygenation. In addition, Oxacom supported
the ability of the hearts to reproduce the highest rate of
stimulation and significantly increased the LV developed
pressure at any frequency compared to control group not
exposed to this compound. It should be pointed out that
the beneficial effect of Oxacom was realized at 30 nM while
similar effects of L-arginine and L-arginine methyl ester were
achieved at 3mM–100mM[16, 17, 19], that is, at several orders
of magnitude higher concentrations.

3.2. Reduced Glutathione Content in the Hearts Subjected
to Hypoxia-Reoxygenation. Reduced glutathione in control
normoxic hearts comprised 79.9 ± 2.1% of the total glu-
tathione whereas after hypoxia-reoxygenation it decreased
to 62.1 ± 1.1% that is, by 22%. In the hearts subjected to
hypoxia-reoxygenation in the presence of 30 nMOxacom the
level of GSH was 58.3 ± 1.5%.Thus, low dose of Oxacom did
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Figure 4: Effects of Oxacom on Ca2+ transients in isolated adult rat cardiomyocytes subjected to hypoxia-reoxygenation. Cardiomyocytes
loadedwith Fluo-4were preincubatedwith 30 nMOxacom for 30min and electrostimulated by ten rectangular pulses at 1 Hzunder conditions
of normoxia, after 2min of hypoxia produced by exchanging regular perfusion buffer saturated with carbogen (95%O2, 5% CO2) for hypoxic
buffer saturated with 95% N2 and 5% CO2 and then after 15min of reoxygenation. Typical recordings are shown. The legend for ordinate on
the left applies to all graphs.

not significantly alter the content of GSH in our model of
hypoxia-reoxygenation.

3.3. Effects of Oxacom on Ca2+ Transients in Isolated Rat Car-
diomyocytes Subjected to Hypoxia-Reoxygenation. Control
cardiomyocytes electrically paced at 1Hz under normoxic
conditions respond by the regular Ca2+ spikes produced
simultaneously in all regions of sarcoplasm and generate
no Ca2+ transients in the absence of electrostimulation
(Figure 4). The shape of Ca2+ peaks is asymmetric with
the steep upward shoulder and more shallow downward
shoulder especially in its lower part. This shape of Ca2+
transient reflects molecular events underlying Ca2+ transport
in cardiomyocytes. Fast rise in sarcoplasmic Ca2+ is achieved
through the opening of Ca2+ channels and fast diffusion of
Ca2+ ions in the sarcoplasm along the gradient. The reverse
process of Ca2+ removal from the sarcoplasm into Ca2+ stores
and across the sarcolemma outside the cell works against
Ca2+ gradient and requires energy.This task ismainly fulfilled
byNa/Ca exchanger (NCX) andCa-ATPases such as SERCA2
and PMCA in cardiomyocytes.Working in direct mode NCX
expels one Ca2+ ion from the sarcoplasm into extracellular

space in exchange for three Na+ ions using electrochemical
gradient for Na+ across sarcolemma generated by Na/K-
ATPase. NCX has low affinity and high capacity for Ca2+ and
ismostly active at peak Ca2+ concentration in the sarcoplasm.
SERCA2 and PMCA have higher affinity and lower capacity
for sarcoplasmic Ca2+ and are more effective at moderate to
low Ca2+ concentrations.

Under normoxic conditions NCX and ion pumps
promptly remove Ca2+ from the sarcoplasm to achieve its
basal levels before the next electric stimulus arrives.The total
length of Ca2+ transient under control normoxic conditions
is 200–250ms. During hypoxia the peak levels of free ionized
Ca2+ entering cardiomyocytes modestly increase judging by
the increase of Ca2+ transient amplitude (Figure 4(c)). At
the same time the process of Ca2+ sequestration is retarded
which is reflected by a “dome” on the downward shoulder
of Ca2+ peak and about 1.5-fold increase in time required to
reach basal Ca2+ level. Still, the initial removal of high Ca2+
from hypoxic cardiomyocytes is not altered in our model
and the level of Ca2+ declines swiftly as in control cells
suggesting thatNCX functionmay not be critically affected in
these conditions unlike the function of SERCA2 and PMCA.
Additionally, cardiomyocytes become partially refractory
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Figure 5: Quantitation of Oxacom effects on Ca2+ levels at relax-
ation in isolated adult rat cardiomyocytes subjected to hypoxia-
reoxygenation. 1, control (normoxia); 2, hypoxia, 2min; 3, hypoxia +
30 nM Oxacom, 2min; 4, reoxygenation + 30 nM Oxacom, 15min.
𝑛, number of cells for each condition.Mean± SD. ∗𝑝 < 0.01, 2 versus
1, 3, and 4.

and do not respond to every electric stimulus. Based on the
“area under the curve” measurements using ImageJ software
(NIH, USA) the average content of free ionized Ca2+ per
Ca2+ peak is 3-fold higher in hypoxic than in normoxic
cardiomyocytes indicating substantial Ca2+ overload. Note-
worthily, in our experimental model cardiomyocytes hardly
recover from more than 2min of hypoxia and subsequent
reoxygenation after this period of time does not improve
their Ca2+ transients indicating irreversible damage to the
molecular systems of Ca2+ transport (Figure 4(e)).

In contrast, these negative events are not developed when
cardiomyocytes are preincubated with 30 nM Oxacom and
this compound is present in the perfusate throughout the
experiment (Figures 4(b), 4(d), and 4(f)). Oxacom does
not alter Ca2+ transients in normoxic perfusion conditions
and maintains normal parameters of Ca2+ peaks under both
hypoxic and reoxygenation conditions. In the presence of
Oxacom cardiomyocytes respond to each of ten electric stim-
uli in a packet by a single Ca2+ spike demonstrating no refrac-
tory behavior. Figure 5 shows the quantitative assessment of
basal Ca2+ in rat cardiomyocytes averaged from the set of
experiments such as those presented in Figure 4. It confirms
that the level of basal Ca2+ in cardiomyocytes subjected to
2min of hypoxia is 3-fold higher than in normoxic control
cells and in cardiomyocytes preincubated with 30 nM Oxa-
com and subjected to hypoxia-reoxygenation. Because of the
relatively small contribution of excessive extracellular Ca2+
entry in our model of acute hypoxia of cardiomyocytes we
favor the hypothesis that observedCa2+ overloading ismainly
due to the failure of Ca2+ sequestration systems. In separate
experiments, we found that 0.3 nM Oxacom was able to
reproduce the effects of 30 nMOxacom on Ca2+ transients in
isolated cardiomyocytes subjected to hypoxia-reoxygenation
(see supplemental figures S1 and S2 in Supplementary Mate-
rial available online at https://doi.org/10.1155/2017/9456163).

However, such low dose of Oxacom was not effective in
isolated perfused heart model.

Thus, Oxacom prevents alterations induced by hypoxia-
reoxygenation in Ca-ATPases and, perhaps, NCX and allows
cardiomyocytes maintain normal Ca2+ transport in these
stressful conditions.

3.4. Effects of Oxacom on Cardiomyocyte Contractility and
Viability. Contractile activity of cardiomyocytes, based on
their visual assessment under the microscope, was fully
consistent with the parameters of Ca2+-transport; each Ca2+
peak was followed by a single contraction of cellular body.
Prolonged Ca2+ elevations in hypoxia were accompanied by
the same lengthy cellular contractions. Thus, the effect of
Oxacom on contractile activity of cardiomyocytes in our
model was mainly determined by its impact on the process
of Ca2+ removal from the sarcoplasm.

Oxacom improved viability of cardiomyocytes subjected
to hypoxia-reoxygenation. Our isolation procedure typically
yields about half of viable cardiomyocytes in the total cell
isolate.These cells display characteristic elongated shape with
sharp edges (Figure 6(a)). After two minutes of hypoxia
elongated live cardiomyocytes comprised about 12% whereas
other cells were rounded and supercontracted exhibiting
irreversible damage (Figure 6(b)). Preincubation of car-
diomyocytes with 30 nM Oxacom in normoxic conditions
does not change the appearance of cell sample that contained
53% of viable cells.

Exposure of cardiomyocytes to 2min hypoxia in the
presence of Oxacom resulted in 52% elongated cells in the
sample (Figure 6(c)) similar to normoxic control. After
reoxygenation in the presence of Oxacom more that 40% of
cardiomyocytes were viable (Figure 6(d)) while there were no
viable cells in control sample. Similar results were obtained
using quantitation of cells stained with Trypan Blue (data
not shown). Thus, low doses of Oxacom protect isolated
cardiomyocytes from profound damage and death caused by
hypoxia-reoxygenation.

3.5. Effects of Oxacom on Reactive Oxygen Species Accumu-
lation in Isolated Rat Cardiomyocytes Subjected to Hypoxia-
Reoxygenation. The alterations of ion-transporting molec-
ular systems of cardiomyocytes in conditions of hypoxia-
reoxygenation and ischemia-reperfusion are often linked to
the damage of ion transporters and regulatory proteins by
reactive oxygen species (ROS) that accumulate in cells during
the disturbances in oxygen supply. As shown in Figure 7, ROS
levels are not significantly altered in cardiomyocytes under
normoxic conditions (Figure 7(a), before hypoxia).

However, both hypoxia and electrostimulation lead to
increased ROS in control cells. Reoxygenation initially
increases the levels of ROS in cardiomyocytes whereas about
1min after the start of reoxygenation further increase in ROS
is blunted regardless of cardiomyocyte electrostimulation.
Perhaps, this reflects the recovery of the normal redox
state in cardiomyocytes following oxygen availability. Overall
increase in ROS achieved in control cardiomyocytes during

https://doi.org/10.1155/2017/9456163
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Figure 6: Effects of Oxacom on rat cardiomyocyte viability following hypoxia and reoxygenation. (a) Freshly isolated cardiomyocytes in
normoxic buffer; (b) after 2min of hypoxia; (c) after 2min of hypoxia in the presence of 30 nMOxacom; (d) after 15min of reoxygenation in
the presence of 30 nM Oxacom. Phase contrast. Bar, 50 𝜇m.
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Figure 7: Effects of Oxacom on reactive oxygen species accumulation in adult rat cardiomyocytes subjected to hypoxia-reoxygenation.
Cardiomyocytes loadedwithDHR-123 fluorescent indicator for ROSwere sequentially perfusedwith normoxic and hypoxic buffers (indicated
by arrows) and electrostimulated by rectangular pulses as 1Hz. “Noisy” fragments of the curve correspond to electrostimulation and
fluorescence recording periods. (a) Control cardiomyocytes. (b) Cardiomyocytes preincubated with 30 nM Oxacom. Typical recordings are
shown.
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hypoxia-reoxygenation in our experiments was about 3.5-
fold.

In the presence of 30 nM Oxacom cardiomyocytes
demonstrated no significant increase of ROS compared to
control cells when subjected to hypoxia/electrostimulation.
Specifically, Oxacom attenuated the accumulation of ROS
during the period of hypoxia 6-fold. Similarly, during the first
minute of reoxygenationOxacom limitedROS accumulation;
however, noticeable increase in ROS was observed at a later
time with no evidence for saturation. Overall increase in ROS
was about 2-fold in cardiomyocytes treated with Oxacom,
which is 75% less than in control cardiomyocytes. Thus,
in the presence of Oxacom the accumulation of ROS in
cardiomyocytes during hypoxia wasmarkedly attenuated and
the latter effect could be related to the better performance of
Ca-ATPases and, perhaps, NCX/Na/K-ATPase in these cells.

It is possible that Oxacom acts to maintain the thiol
groups of SERCA2 and other Ca2+-transporters in re-
duced state and/or protects them through a reversible S-
nitrosylation. It is known that cysteine residues of proteins
located on the cytosolic side of sarcoplasmic reticulum
membrane [20] may undergo redox modifications such as
S-S bond formation, S-glutathionylation, and S-nitrosylation
(SNO). Some of the cysteine residues are modified non-
specifically whereas S-nitrosylation or S-glutathionylation
of other cysteines may change the functional activity of
affected proteins including SERCA2, RyR2 Ca2+-channels,
and L-Type Ca2+-channels [21, 22]. Because superoxide and
nitric oxide are constantly formed in cardiomyocytes these
substances seem to act as endogenous regulators of Ca2+
transporting proteins [21]. In the case of RyR2, the direct rela-
tionship between the number of S-nitrosylated thiol groups
and Ca2+-channel activity was demonstrated [8]. Modifica-
tion of 2 cysteines activates the channel; modification of 4
cysteines is accompanied by amoderate channel activation. S-
nitrosylation of 11 cysteine residues (about 3 residues in each
subunit) causes a significant activation of RyR2 whereas the
modification of twice as many cysteines leads to irreversible
channel activation.

Based on the current estimations of in vivo nitric oxide
levels ranging from 100 pM or less up to 5 nM [23] one
can assume that 30 nM Oxacom could release amounts
of NO comparable to those produced by endogenous NO
synthases and sufficient for protein S-nitrosylation. An alter-
native/additional pathway for Oxacom to influence SERCA2
activity in cardiomyocytes would be through the activation
of cyclic GMP-dependent protein kinase (PKG) and phos-
phorylation of SERCA2 principal inhibitor phospholamban
and, perhaps, other SERCA2 regulators, in particular, Hsp20
[24]. Our findings that 0.3 nM Oxacom was equally effective
as 30 nM Oxacom in prevention of Ca2+ accumulation in
hypoxic cardiomyocytes favor NO signaling pathway rather
than the direct nitrosylation of the set of cellular proteins.
Finally, the attenuation by Oxacom of ROS generation
during the period of hypoxia suggests possible stimulatory
effects of this compound on antioxidant defense systems
of cardiomyocytes different from glutathione system. One
possible scenario is that by direct scavenging of the hydroxyl

and superoxide radicals NO could protect cardiac Na/K-
ATPase from inactivation [25] and consequently preventCa2+
overload through NCX working in reverse mode. Outlined
multiple possibilities warrant further studies to elucidate
in detail the molecular basis of Oxacom action on Ca2+
transporters and ROS production; such experiments have
already been initiated.

4. Conclusions

Obtained results demonstrate that Oxacom is an effective
pharmacologic compound capable of reducing hypoxic con-
tractures and promoting increase in the speed and extent
of LV developed pressure recovery during reoxygenation. Its
action to attenuate cardiac arrhythmias and to preserve the
ability of the heart to reproduce high rate of contractions
suggests that Oxacom can improve the function of calcium
transport proteins in cardiomyocytes. This assumption was
supported by direct experiments in isolated cardiomyocytes.
Oxacom eliminated calcium transport alterations that took
place in control experiments in the form of the slow Ca2+
removal from the sarcoplasm and delayed cardiomyocyte
relaxation.

This corresponds well to the view that Ca2+ removal
from the sarcoplasm by Ca2+-ATPases of the sarcolemma
and sarcoplasmic reticulum (PMCA and SERCA2) as well as
by NCX/Na/K-ATPase tandem is energy-dependent process
that slows down due to the depletion of high-energy phos-
phates during the shortage of oxygen. However, contractile
process requires much more energy than the work of the
membrane ion pumps. In this regard, the prevention by
Oxacom of hypoxic contracture and more rapid recovery
of the contractile function during reoxygenation in the
presence of this compound suggest protective effects on
mitochondria. Observed action of Oxacom to limit ROS
generation in hypoxic cardiomyocytes additionally supports
themitochondrial vector for the futuremechanistic studies of
this novel cardiovascular drug.
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During aging, oxidative stress affects the normal function of satellite cells, with consequent regeneration defects that lead to
sarcopenia. This study aimed to evaluate tocotrienol-rich fraction (TRF) modulation in reestablishing the oxidative status of
myoblasts during replicative senescence and to compare the effects of TRF with other antioxidants (𝛼-tocopherol (ATF) and N-
acetyl-cysteine (NAC)). Primary human myoblasts were cultured to young, presenescent, and senescent phases. The cells were
treated with antioxidants for 24 h, followed by the assessment of free radical generation, lipid peroxidation, antioxidant enzyme
mRNA expression and activities, and the ratio of reduced to oxidized glutathione. Our data showed that replicative senescence
increased reactive oxygen species (ROS) generation and lipid peroxidation in myoblasts. Treatment with TRF significantly
diminished ROS production and decreased lipid peroxidation in senescent myoblasts. Moreover, the gene expression of superoxide
dismutase (SOD2), catalase (CAT), and glutathione peroxidase (GPX1)was modulated by TRF treatment, with increased activity of
superoxide dismutase and catalase and reduced glutathione peroxidase in senescent myoblasts. In comparison to ATF and NAC,
TRF was more efficient in heightening the antioxidant capacity and reducing free radical insults. These results suggested that TRF
is able to ameliorate antioxidant defense mechanisms and improves replicative senescence-associated oxidative stress in myoblasts.

1. Introduction

Adult skeletal muscle contains a subpopulation of cells
that readily proliferate and differentiate when required to
maintain the structure and function of skeletal muscle [1].
These cells were first identified by Mauro in 1961 as quiescent
cells located between the basal lamina and sarcolemma of
myofibers, known as satellite cells [2]. Human satellite cells
can be isolated and cultured in vitro with a limited prolif-
erative capacity depending on the donor age. Proliferating
satellite cells are known as myoblasts [3]. The proliferative
lifespan of myoblasts remains stable during adulthood but
decreases from infants to adolescents, and the cells ultimately
reach replicative senescent [4].

During aging, a progressive loss of muscle mass and
strength is observed, and this phenomenon is known as

sarcopenia. Although the underlying mechanism is still un-
certain, sarcopenia is believed to be the result of certain
intrinsic or extrinsic factors, such as immobilization, chronic
diseases, changes in hormone, and proinflammatory factors,
as well as nutritional status in older adults [5]. Additionally,
the accumulation of reactive oxygen species (ROS) has been
suggested to play a vital role in this age-related muscle atro-
phy [6]. Redox imbalance observed in senescent satellite cells
can be attributed to elevated ROS production or an impaired
endogenous antioxidant defense system, leading to oxidative
damage [7, 8]. The vulnerability of proliferating myoblasts to
oxidative damage will affect muscle regeneration and con-
tributes to the development of sarcopenia, suggesting that
oxidative stress, satellite cells, and sarcopenia are interrelated
[6, 7].
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Oxidative stress in aged skeletal muscle can cause oxida-
tive damage in cells, manifested as damaged DNA, lipid per-
oxidation, and protein carbonylation [9, 10]. In muscle fibers,
free radicals can be produced intrinsically by mitochondria
and regulate fundamental signaling pathways in skeletal
muscle. The presence of reactive oxygen species (ROS) or
reactive nitrogen species (RNS) can be counteracted by
the antioxidant defense system, which includes antioxidant
enzymes, vitamins, and glutathione, resulting in sustained
redox balance [9]. If the antioxidant defense is overwhelmed
by excess ROS or RNS, oxidative stress occurs which leads to
muscle injury [8, 10].

In addition to the existing oxidative stress during aging,
insufficient antioxidant intake among the elderly can con-
tribute to the occurrence of sarcopenia [11]. Low antioxidant
levels in older individuals were associated with poor muscle
strength and low physical performance and can cause frailty
in the elderly [12, 13]. An in vivo study demonstrated
that vitamin E deficiency caused poor muscle performance
and accelerated aging development [14]. Hence, introducing
antioxidants such as vitamin E could be a relevant strategy
to delay sarcopenia progression; however, more studies are
needed [15].

Vitamin E is a lipid-soluble vitamin with two subclasses,
tocopherols and tocotrienols [16]. A previous study reported
that 𝛼-tocopherol was able to repair laser-induced disrupted
myoblast membranes, indicating a therapeutic effect for
vitamin E in the muscle [17]. However, the less-explored
subtype of vitamin E is the class of tocotrienols. Similar to
𝛼-tocopherol, a potential therapeutic effect of tocotrienol-
rich fraction (TRF) was proposed owing to its reversal effect
on stress-induced presenescence (SIPS) model of myoblasts
[18]. In our laboratory, we also found that TRF was supe-
rior to 𝛼-tocopherol in ameliorating replicative senescence-
related aberration and promoting myogenic differentiation
[19]. Thus, it would be of interest to elucidate the effects of
tocotrienols on the dynamics of oxidative status in senes-
cent myoblasts. Therefore, the aims of this study were to
investigate the effects of tocotrienol-rich fraction (TRF) in
reestablishing oxidative status during replicative senescence
of myoblasts and to compare these effects with other antiox-
idants, such as 𝛼-tocopherol (ATF) and N-acetyl-cysteine
(NAC), in young, presenescent, and senescent myoblasts
followed by the measurement of cell viability and apoptosis
as the final outcomes of antioxidant treatment.

2. Materials and Methods

2.1. Cell Culture. HumanSkeletalMuscleMyoblasts (HSMM)
were purchased from Lonza (Walkersville, MD, USA).
Briefly, myoblasts were cultured in Skeletal Muscle Basal
Medium (SkBM) that was supplemented with human epi-
dermal growth factor, fetal bovine serum, dexamethasone,
L-glutamine, and gentamicin sulfate/amphotericin B (Lonza,
Walkersville, MD USA). Cells were cultivated at 37∘C in a
humid atmosphere containing 5% CO

2
. The myoblasts then

underwent serial passaging. The number of divisions was
calculated for each passage using the formula ln(𝑁/𝑛)/ ln 2,
where N is the number of cells at the harvest stage and

n is the number of cells at the seeding stage [20]. When
cells reached replicative senescence, they were unable to
proliferate within 10 days in culture. Myoblasts were divided
into 3 different stages, young (<15 cell divisions), presenescent
(18-19 cell divisions), and senescent (>20 cell divisions),
based on their decreasing proliferative capacity which was
represented by hyperbolic proliferative lifespan curve and
diminishing percentage of BrdU incorporation.The presence
of senescent cells was confirmed by SA-𝛽-gal staining [19].

2.2. Antioxidants. Tocotrienol-rich fraction (TRF) was pur-
chased from Sime Darby Sdn. Bhd., Selangor, Malaysia (TRF
Gold TRI E 70), while alpha-tocopherol (ATF)was a gift from
the Malaysian Palm Oil Board (MPOB) (Selangor, Malaysia).
Both vitamin E subclasses are palm oil-derived. TRF consists
of 𝛼-tocotrienol (ATT; 26.89%), 𝛽-tocotrienol (BTT; 3.64%),
𝛾-tocotrienol (GTT; 31.66%), 𝛿-tocotrienol (DTT; 13.66%),
and 𝛼-tocopherol (ATF; 24.15%). Briefly, stock solutions of
TRF were freshly prepared in 100% ethanol (1 : 1) and kept
at −20∘C for no longer than one month. A similar process
was performed for ATF. TRF and ATF were then incubated
overnight with fetal bovine serum at 37∘C before use. Then,
both TRF and ATF were diluted in culture medium and used
at a final concentration of 50 𝜇g/mL [19]. N-Acetyl-cysteine
(NAC) was purchased from Sigma-Aldrich (St Louis, USA).
NAC was freshly prepared in culture medium to the desired
final concentration. A dosage of 1.0mg/mLNACwas used for
subsequent experiments, which was determined using a cell
viability assay (Supplemental 1A in Supplementary Material
available online at https://doi.org/10.1155/2017/3868305). A
dosage of 25 𝜇g/mL of TRF or ATF with 1.0mg/mL NAC
was used for combined treatment of TRF and NAC (TRF
+ NAC) and combination of ATF and NAC (ATF + NAC)
(Supplemental 1B and C).

2.3. Cell Viability. The optimal concentrations of NAC, the
combination of TRF and NAC (TRF + NAC), and the combi-
nation of ATF andNAC (ATF+NAC)were determined using
a cell viability assay (Supplemental 1).The effects of H

2
O
2
and

antioxidants were also determined using cell viability assay.
A CellTiter 96� Aqueous Nonradioactive Cell Proliferation
Assay (MTS; Promega, Madison, USA) was used according
to the manufacturer’s instructions. Cells were incubated with
several concentrations of antioxidants for 24 h and 45min for
H
2
O
2
. After that, the treatments were replaced by MTS for

another 2 h of incubation. The absorbance of MTS formazan
was measured at 490 nm with a microtiter plate reader
(VersaMax Molecular Devices, USA). The optimum dosage
of treatments was used for subsequent experiments.

2.4. Analysis of Cell Morphology. In brief, cells were plated
and fixed with cold ethanol in 𝜇-Slide 8 wells (ibidi, Martin-
sried, Germany) followed by incubation with an anti-Desmin
antibody (dilution: 1 : 50) (D33; Dako, Produktionsvej, Den-
mark) and Alexa Fluor 488 goat anti-mouse (dilution: 1 : 500)
(Molecular Probes, Eugene, OR, USA). Nuclei were visual-
ized using Hoechst 33342 (Molecular Probes, Eugene, OR,
USA). Slides were then observed under a Leica TCS SP5 II
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Confocal Laser Scanning Microscope (Leica Microsystems,
Wetzlar, Germany).

2.5. Senescence-Associated 𝛽-Galactosidase (SA 𝛽-gal) Stain-
ing. SA 𝛽-gal was evaluated using a Senescent Cell Histo-
chemical Staining Kit (Sigma-Aldrich, St. Louis, Missouri,
USA). Cells were stained according to the manufacturer’s
instructions. After the cells were incubated in staining solu-
tion for 8 h at 37∘C in the absence of CO

2
, at least 100 cells

were observed under the microscope, and the percentage of
blue stained cells was calculated.

2.6. Assessment of the Intracellular Production of Reactive
Oxygen Species (ROS). ROS generation in myoblasts was
determined using two dyes, dihydroethidium (DHE) and 5-
(and-6)-carboxy-2,7-dichlorodihydrofluorescein diacetate
(carboxy-H

2
DCFDA) (Molecular Probes, Eugene,OR,USA).

The fluorescence of DHE indicated oxidation by superoxide
anions, while carboxy-H

2
DCFDA is oxidized by hydro-

gen peroxide (H
2
O
2
), peroxynitrite, or hydroxyl radicals.

Superoxide anions may contribute to carboxy-H
2
DCFDA

oxidation albeit to a lesser degree. Briefly, myoblasts were
incubated in 20𝜇MDHE and 40 𝜇Mcarboxy-H

2
DCFDA for

45min. After that, cells were washed with PBS and recovered
inmedium for 30min.Then, wemeasured the intensity of the
fluorescence using a flow cytometer (CytoFLEX, Beckman
Coulter Pasadena, CA, USA) with the 585/42 bandpass
and 525/40 bandpass channels. The percentage of cells that
was positively labeled with a particular dye was reported
independently. For observation, the same staining protocol
was applied, followed by visualization of the nuclei using
Hoechst 33342 (Molecular Probes, Eugene, OR, USA). Cells
were then observed under a fluorescence microscope (EVOS
FL digital inverted microscope, Thermo Fisher Scientific,
USA).

2.7. Assessment of Lipid Peroxidation. Lipid peroxidation in
myoblasts was measured using a dye, C11-BODIPY� (581/
591) (Molecular Probes, Eugene, OR, USA), which is a
lipid peroxidation sensor that can shift from red to green
fluorescence emission upon oxidation of the polyunsaturated
butadienyl segment of the fluorophore. Briefly, myoblasts
were incubated in 10 𝜇MC11-BODIPY for 30min. After that,
cells were washed with PBS, trypsinized, and reconstituted
in PBS and the oxidized BODIPY was quantitated using
a flow cytometer (CytoFLEX, Beckman Coulter Pasadena,
CA, USA) with the 525/40 bandpass channel while reduced
BODIPY was quantitated with 585/42 bandpass channel.
The percentage of cells that was positively labeled with
either oxidized or reduced BODIPY was obtained and the
ratio of these percentages (oxidized/reduced BODIPY) was
reported. For observation, the same staining protocol was
applied, followed by visualization of the nuclei using Hoechst
33342 (Molecular Probes, Eugene, OR, USA). Cells were then
observed under a fluorescent microscope (EVOS FL digital
inverted microscope, Thermo Fisher Scientific, USA).

2.8. Cellular Uptake of Vitamin E. Vitamin E extraction
was performed according to the protocol by Mazlan et al.
[22]. After trypsinizing and counting the cells, 50mg/mL
butylated hydroxytoluene (BHT) was added to stop autooxi-
dation. The hexane layer of supernatant was then collected,
vacuum-dried, and stored at −80∘C before analysis with
HPLC. A total of 100 𝜇L hexane was added before further
dilution with hexane for HPLC analysis. The uptake of
vitamin E was analyzed using an HPLC fluorescence detec-
tor (Ex/Em: 294 nm/330 nm) (RF-10A, Shimadzu, Japan).
A TRF standard was used, and the concentrations of 𝛼-
tocopherol (ATF),𝛼-tocotrienol (ATT),𝛽-tocotrienol (BTT),
𝛾-tocotrienol (GTT), and 𝛿-tocotrienol (DTT) uptake in cells
were calculated in 𝜇g/mL per million cells.

2.9. Determination of Antioxidant Enzymes at the Transcrip-
tional Level. Total RNA was extracted using TRI reagent
and polyacryl carrier (Molecular Research Center Inc., Ohio,
USA). For gene expression determination, quantitative real-
time RT-PCR (qRT-PCR) was used.The expression of SOD1,
SOD2, CAT, and GPX1 mRNA was quantitatively analyzed
using KAPA SYBR FAST One-Step qPCR kit (Kapa Biosys-
tems, Boston, Massachusetts, USA). For RT-PCR, 400 nM
of each primer was used, and the primer sequences are
shown in Table 1 [21]. The master mix was prepared, and
PCR reactions were carried out in a Bio-Rad iQ5 Cycler
(Hercules, CA, USA).The program included cDNA synthesis
for 5min at 42∘C; predenaturation for 4min at 95∘C; and
PCR amplification for 40 cycles of 3 sec at 95∘C and 20 sec at
60∘C. These reactions were followed by a melt curve analysis
of each targeted gene. The melt curve analysis of each pair of
primers and agarose gel electrophoresis that was performed
on the PCR products were used to determine the primer
specificity (Supplemental 2). The expression level of each
targeted gene was normalized to that of glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). The relative expression
value (REV) was calculated using the 2−ΔΔCt method of
relative quantification and the following equation:

REV = 2Ct value of GAPDH−Ct value of the gene of interest. (1)

2.10. Activities of Antioxidant Enzymes. Theactivities of three
antioxidant enzymes, superoxide dismutase (Sod), catalase
(Cat), and glutathione peroxidase (Gpx), were determined.
These enzymes were extracted in PBS by sonication following
the 24-hour treatments.

A Sod assay was performed according to Beyer Jr. and
Fridovich [23]. In brief, substrate solution was freshly pre-
pared bymixing L-methionine, nitro blue tetrazolium (NBT),
1% Triton-X, and PBS, pH 7.8 (Sigma, St Louis, USA). Then,
20𝜇L of enzyme extract and 10 𝜇L of 4mg/100mL riboflavin
(Sigma, St Louis, USA) were added before incubation under
20-W Sylvania GroLux lamps in a cupboard for 7min.
Absorbance was measured using a UV/VIS spectrophotome-
ter (Shimadzu, Kyoto, Japan) at 560 nm. Sod specific activity
was expressed in mU/mg of protein.

A Cat assay was carried out using the method described
by Aebi [24]. Enzyme extract was added to a quartz cuvette.
The reaction was started by adding 30mM H

2
O
2
(Merck,
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Table 1: The primer sequences of SOD1, SOD2, CAT, and GPX1 [21].

Gene Forward Reverse Product size
SOD1 GAAGGTGTGGGGAAGCATTA ACATTGCCCAAGTCTCCAAC 174
SOD2 CGTCACCGAGGAGAAGTACC CTGATTTGGACAAGCAGCAA 313
CAT CGTGCTGAATGAGGAACAGA AGTCAGGGTGGACCTCAGTG 119
GPX1 CCAAGCTCATCACCTGGTCT TCGATGTCAATGGTCTGGAA 127
GAPDH TCCCTGAGCTGAACGGGAAG GGAGGAGTGGGTGTCGCTGT 218

Darmstadt, German), and absorbance was measured kinet-
ically for 30 seconds using a UV/VIS spectrophotometer
(Shimadzu, Kyoto, Japan) at 240 nm. Cat-specific activity was
expressed in mU/mg of protein.

A Gpx assay was carried out according to Paglia and
Valentine [25]. Substrate solution was freshly prepared by
mixing reduced glutathione, PBS at pH 7.0, sodium azide,
the reduced form of nicotinamide adenine dinucleotide
phosphate (NADPH), and glutathione reductase (1 U/mL)
(Sigma, St Louis, USA). Enzyme extract was added to the
substrate solution, and the reaction was started by adding
H
2
O
2
(Merck, Darmstadt, German). The conversion of

NADPH toNADP+ wasmeasured kinetically using aUV/VIS
spectrophotometer (Shimadzu, Kyoto, Japan) at 340 nm for
5min. Gpx-specific activity was expressed in mU/mg of
protein.

The total protein was extracted using lysis buffer, and
its concentration was determined using a Bio-Rad Protein
Assay (Hercules, CA, USA) at 595 nm with a microtiter plate
reader (VersaMax Molecular Devices, USA). The protein
concentration was used to normalize the enzyme activity.

2.11. Measurement of Reduced to Oxidized Glutathione (GSH/
GSSG) Ratio. The GSH/GSSG ratio was determined using
a GSH/GSSG-Glo� Assay Kit (Promega, Madison, WI),
which is based on the firefly luciferase reaction. Based on
the manufacturer’s instructions, both the GSH and GSSG
luminescent reaction schemes were performed andmeasured
using a microplate reader with an integration time of 1 s/well
(Infinite� 200, Tecan, USA).The ratio was calculated directly
from Net RLU as stated in the technical manual.

2.12. Assessment of Apoptotic Events. Apoptosis profiles were
determined using an Annexin V-FITC Apoptosis Detection
Kit II (BD Pharmingen, CA, USA) according to the man-
ufacturer’s instructions. Two dyes were used, Annexin V-
FITC, which was detected by FL1, and propidium iodide (PI),
which was detected by FL3. The cells were analyzed with a
FACS Calibur flow cytometer (Becton Dickinson, CA, USA).
The percentage of cells that were negatively stained with
both dyes (FITC−ve/PI−ve) was reported as viable cells, while
percentage of cells that were positively stained with Annexin
V-FITC only (FITC+ve/PI−ve) or both Annexin V-FITC and
PI (FITC+ve/PI+ve) was reported as early and late apoptotic
cells, respectively.

2.13. Statistical Analysis. Statistical analyses were performed
using SPSS 22.0 software (IBM, NY, USA). All of the data

are reported as the means ± standard deviation (SD) from
at least three replicates. For all of the tests, 𝑝 < 0.05 was
considered statistically significant. To determine the signif-
icance between two treatment groups, comparisons were
made using an independent 𝑡-test, while ANOVAwas used to
analyze multiple groups, followed by a post hoc Tukey’s HSD
or LSD (if equal variance was assumed) and Dunnett’s T3 (if
equal variance was not assumed) tests.

3. Results

3.1. Effects of Antioxidants on Senescent Myoblasts. To deter-
mine whether antioxidant properties alone are sufficient
to ameliorate senescent myoblasts, in our study we tested
a synthetic antioxidant, N-acetyl-cysteine (NAC), and its
combination with TRF and ATF, besides treatment with TRF
or ATF alone. Previously, the beneficial effects of TRF or ATF
on senescentmyoblasts were reported, where a concentration
of 50𝜇g/mL TRF or ATF alone was able to increase cell
viability, improve cellular morphology (more spindle-shaped
cells were observed), and decrease the total of SA-𝛽-gal
staining positive cells during replicative senescence [19]. In
the present study, we found that NACwas not toxic to cells up
to the highest concentration used with a 24-hour incubation
(Supplemental 1A). Thus, 1.0mg/mL of NAC was used in the
subsequent experiments. Different concentrations of TRF or
ATF in combination with NACwere tested using cell viability
assay (Supplemental 1B and 1C) in which a concentration
of 25 𝜇g/mL TRF or ATF was used with 1.0mg/mL NAC in
the subsequent experiment. NAC alone and in combination
with TRF (TRF + NAC) or ATF (ATF + NAC) significantly
improved the cellular morphology of senescent myoblasts
(cells became spindle-shaped) and reduced the percentage of
cells positive for a senescence biomarker (SA-𝛽-gal staining)
(Figures 1(a) and 1(b)).

3.2. Effects of Antioxidants on ROS Generation during Replica-
tive Senescence. To elucidate the effects of aging on the
oxidative status of myoblasts, we expanded cells in culture
until replicative senescence was achieved. The generation
of ROS was observed at all stages of cell culture using
carboxy-H

2
DCFDA (in green, H

2
O
2
, peroxynitrite, hydroxyl

radicals, etc.) and DHE (in orange, superoxide anion) (Fig-
ures 2(a)–2(c)). The presence of carboxy-H

2
DCFDA grad-

ually increased in untreated control of young to senescent
myoblasts (Figures 2(a)–2(c)). However, similar observa-
tions were not observed with DHE. Quantitative analysis
showed that the amount of intracellular ROSwas significantly
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Figure 1: Protective effects of NAC alone and in combination with TRF and ATF on senescent myoblasts. (a) More spindle-shaped cells
observed in senescent myoblasts after NAC, TRF + NAC, and ATF + NAC treatment, which were similar to the effect of TRF and ATF
treatment alone on senescent myoblasts. Scale bar, 100𝜇m. (b) The percentage of SA-𝛽-gal positive cells decreased in all treatment groups.
aDenoting 𝑝 < 0.05, significantly different compared to the young control, b𝑝 < 0.05, significantly different compared to the presenescent
control, and c𝑝 < 0.05, significantly different compared to the senescent control. Data are presented as the mean ± SD, 𝑛 = 3.

increased in presenescent and senescentmyoblasts compared
to young myoblasts (𝑝 < 0.05), and senescent myoblasts
had the highest levels of ROS, suggesting that senescent cells
experience more severe oxidant insults compared to young
and presenescent cells (Figure 2(d)).

Both TRF and ATF treatments reduced the amount
of intracellular ROS in senescent myoblasts, which was
indicated by the decline in fluorescence intensity as well as
the total number of positively stained cells (Figure 2(c)).
The treatments were likely to diminish ROS in young and
presenescent cells as well (Figures 2(a) and 2(b)). Quanti-
tative analysis showed that both TRF and ATF significantly
diminished intracellular H

2
O
2
generation in presenescent

and senescent myoblasts (𝑝 < 0.05) (Figure 2(d)). However,
only ATF-treated senescentmyoblasts had significantly lower
intracellular superoxide anion levels compared to untreated

senescent control cells (𝑝 < 0.05) (Figure 2(d)). Presenescent
cells treated with TRF + NAC and ATF + NAC exhibited
significantly lower ROS generation (𝑝 < 0.05) (Figure 2(d)).
In senescent myoblasts only, TRF + NAC treatment caused
a significant decrease in ROS generation (𝑝 < 0.05)
(Figure 2(d)). A similar reduction in free radical generation
was not observed in cells treated with NAC alone, indicating
that the antioxidant effects observed were the result of TRF
and ATF actions. The presence of ROS in all treatment
groups in young, presenescent, and senescent myoblasts can
be visualized in Figures 2(a), 2(b), and 2(c), respectively.

To confirm the effects of ROS on normal myoblasts, we
measured the cell viability immediately after a short-term of
H
2
O
2
insult. Our results showed decreased cell viability at all

stages of aging after 45min of incubation with 1mM, 1.5mM,
2mM, and 2.5mM H

2
O
2
, 𝑝 < 0.05 (Figure 2(e)). The steady



6 Oxidative Medicine and Cellular Longevity

H
oe

ch
st

D
H

E
M

er
ge

Control TRF ATF NAC TRF + NAC ATF + NAC

Scale bar:

Ca
rb

ox
y-

H
2
D

CF
D

A

200 𝜇m

(a)

Scale bar:

H
oe

ch
st

D
H

E
M

er
ge

Control TRF ATF NAC TRF + NAC ATF + NAC

Ca
rb

ox
y-

H
2
D

CF
D

A

200 𝜇m

(b)

Scale bar:

H
oe

ch
st

D
H

E
M

er
ge

Control TRF ATF NAC TRF + NAC ATF + NAC

Ca
rb

ox
y-

H
2
D

CF
D

A

200 𝜇m

(c)

Figure 2: Continued.



Oxidative Medicine and Cellular Longevity 7

0
15
30
45
60
75
90

105

C
on

tro
l

TR
F

AT
F

N
AC

TR
F 

+ 
N

AC
AT

F 
+ 

N
AC

C
on

tro
l

TR
F

AT
F

N
AC

TR
F 

+ 
N

AC
AT

F 
+ 

N
AC

C
on

tro
l

TR
F

AT
F

N
AC

TR
F 

+ 
N

AC
AT

F 
+ 

N
AC

Young Presenescent Senescent

%
 o

f l
ab

el
ed

 ce
lls

DHE

a

a
b

a a bb

c c

c

a a b b

c

Carboxy-H2DCFDA

(d)

40

60

80

100

120

0 0.5 1 1.5 2 2.5Re
la

tiv
e c

el
l v

ia
bi

lit
y 

(%
)

Young
Presenescent
Senescent

∗

∗
∗ ∗

#
# # #

¥

¥¥
¥

H2O2 concentration (mM)

(e)

Figure 2: Effects of antioxidants treatment on the presence of ROS inmyoblast cells. (a) Young, (b) presenescent, and (c) senescent myoblasts
labeled with 20 𝜇MDHE and 40 𝜇M carboxy-H

2
DCFDA to detect the presence of ROS which were observed under fluorescence microscope

(magnification 200x, scale bar, 200 𝜇m). TRF and ATF diminished the presence of ROS in senescent cells. (d) Quantitative analysis of ROS
generation in myoblasts. The percentage of positively stained cells was significantly increased in presenescent and senescent myoblasts;
however, the percentage was decreased in TRF-, ATF-, and TRF + NAC-treated senescent myoblasts. (e) A gradual decrease in cell viability
with increasing concentrations of H

2
O
2
was observed, indicating the vital role of redox balance maintenance in cells. aDenoting 𝑝 < 0.05,

significantly different compared to young control; b𝑝 < 0.05, significantly different compared to presenescent myoblasts; c𝑝 < 0.05,
significantly different compared to senescent myoblasts; and ∗#¥𝑝 < 0.05, significantly different compared to 0mM. Data are presented
as the mean ± SD, 𝑛 = 3.

decline in cell viability with increasing H
2
O
2
concentration

exposure may indicate the vital role of a maintained redox
balance in muscle cells.

3.3. Effects of Antioxidants on Lipid Peroxidation during Repli-
cative Senescence. To determine the oxidative damage in
myoblasts, lipid peroxidation levels were measured with C11-
BODIPY� (581/591), a sensitive fluorescent reporter for lipid
peroxidation.The total number of cells that underwent a shift
from red to green was gradually augmented from young to
senescent cells (Figures 3(a)–3(c)). In senescent myoblasts,
the amount of cells with lipid peroxidation, which was
indicated by the percentage of cells with oxidized BODIPY
(in green), was increased as represented in the right-shifted
fluorescence intensity histogram (Figure 3(d)). Quantitative
analysis showed that the ratio of cells with oxidized BODIPY
to reduced BODIPY (in red) (oxidized/reduced BODIPY
ratio) was significantly increased in presenescent and senes-
cent myoblasts compared to young myoblasts (𝑝 < 0.05)
(Figure 3(e)).

Evaluation of lipid peroxidation levels, which was per-
formed after antioxidant treatment, showed that both TRF
andATF reduced the level of lipid peroxidation in young, pre-
senescent, and senescent myoblasts (Figures 3(a), 3(b), 3(c),
and 3(e)).The number of oxidized BODIPY-positive cells was
decreased in both TRF- andATF-treated senescentmyoblasts
(Figure 3(c)). Statistical analysis of the oxidized/reduced
BODIPY ratio revealed that both TRF and ATF significantly
reduced lipid peroxidation in presenescent and senescent
myoblasts (𝑝 < 0.05) (Figure 3(e)). Surprisingly, NAC
increased oxidized/reduced BODIPY ratio in presenescent
myoblasts (𝑝 < 0.05) (Figure 3(e)). However, senescent

cells treated with ATF + NAC and TRF + NAC showed
significantly decreased lipid peroxidation (oxidized/reduced
BODIPY ratio) compared to untreated control senescent
myoblasts (𝑝 < 0.05) (Figure 3(e)).

3.4. Cellular Uptake of Vitamin E. To validate the cellular
uptake of vitamin E, we determined the concentration of
vitamin E isomers (ATF, ATT, BTT, GTT, and DTT) in all
groups of cells (Figures 4(a) and 4(b)). Young, presenescent,
and senescent TRF-treatedmyoblasts showed the presence of
5 vitamin E isomers, while a significantly inferior number
of isomers were found in control cells (Figure 4(a)). A
significantly higher concentration of ATF was observed in
young, presenescent, and senescent ATF-treated myoblasts
compared to untreated cells (𝑝 < 0.05) (Figure 4(a)). The
NAC-treated cells contained the lowest concentrations of
vitamin E isomers compared to its combination with TRF or
ATF group (Figure 4(b)). TRF + NAC-treated cells contained
high levels of all 5 isomers of vitamin E, while ATF + NAC
cells only contained a high ATF concentration (Figure 4(b)).

3.5. TRFTreatmentModulatesAntioxidantCapacity. Themod-
ulation of antioxidant capacity by TRF, ATF, NAC, TRF +
NAC, and ATF + NAC during the replicative senescence
of myoblasts was investigated by determining the mRNA
expression of antioxidant enzymes (SOD1, SOD2, CAT, and
GPX1) and activities of antioxidant enzymes (Sod, Cat,
and Gpx), as well as the ratio of GSH/GSSG in young,
presenescent, and senescent myoblasts (Figures 5 and 6).
Overall, TRF treatment was more effective in modulating
antioxidant enzymes expression, especially at transcriptional
level, compared to other antioxidants in senescent myoblasts.
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Figure 3: Continued.
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Figure 3: Effects of antioxidants treatment on lipid peroxidation levels of myoblasts. (a) Young, (b) presenescent, and (c) senescent myoblasts
labeled with C11-BODIPY� (581/591) to detect lipid peroxidation which were observed under fluorescence microscope (magnification: 200x,
scale bar, 200 𝜇m). TRF and ATF treatment effectively reduced lipid peroxidation. (d) Representative histogram of myoblasts based on the
oxidized BODIPY (in green, 525/40 bandpass channel). (e) Ratio of oxidized/reduced BODIPY virtually representing lipid peroxidation
in myoblast cells. aDenoting 𝑝 < 0.05, significantly different compared to young control; b𝑝 < 0.05, significantly different compared to
presenescent myoblasts; c𝑝 < 0.05, significantly different compared to senescent myoblasts. Data are presented as the mean ± SD, 𝑛 = 3.

There was no significant change in SOD1 mRNA expres-
sion levelswith aging and antioxidant treatment (Figure 5(a)).
However, SOD2 mRNA expression in the presenescent con-
trol was significantly increased compared to the young
control (𝑝 < 0.05) (Figure 5(b)). TRF treatment upregulated
SOD2 mRNA expression in young, presenescent, and senes-
cent myoblasts compared to their corresponding untreated
controls (𝑝 < 0.05) (Figure 5(b)). Furthermore, our results
showed that only TRF + NAC modulated the expression
of SOD2 mRNA, while NAC and ATF + NAC did not
modulate any antioxidant enzymes at the transcriptional level
(Figure 5(b)), suggesting that TRF exerted a modulatory
effect at the transcriptional level. Moreover, Sod activity
was increased in TRF-treated presenescent and senescent
myoblasts compared to their untreated controls (𝑝 < 0.05)
(Figure 6(a)). In senescent myoblasts, treatment with TRF +
NAC significantly increased the activity of Sod compared to
the senescent control (𝑝 < 0.05). However, similar increases

in Sod activity were observed in youngmyoblasts treatedwith
ATF+NAC,while, in presenescentmyoblasts, treatmentwith
NAC, TRF + NAC, and ATF + NAC decreased Sod activity.

In the presenescent control, CAT mRNA expression was
significantly higher than the young control, 𝑝 < 0.05 (Fig-
ure 5(c)). In contrast, Cat activity in the presenescent control
was lower than in the young control (𝑝 < 0.05) (Figure 6(b)).
Treatment with either TRF or ATF upregulated CAT mRNA
expression in senescent myoblasts compared to untreated
controls (𝑝 < 0.05) (Figure 5(c)), while only TRF increased
Cat activity in senescent myoblasts and ATF increased
Cat activity in presenescent myoblasts (Figure 6(b)). TRF
+ NAC significantly increased CAT mRNA expression in
young myoblasts, in comparison to their untreated controls
(Figure 5(c)). Treatment with NAC, TRF + NAC, and ATF
+ NAC increased Cat activity in presenescent myoblasts (𝑝 <
0.05), while, in youngmyoblasts, Cat activitywas significantly
increased with TRF + NAC and ATF + NAC treatment
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Figure 4: Cellular uptake of vitamin E isomers bymyoblasts. (a)Untreated control, TRF- andATF-treated young, presenescent, and senescent
myoblasts. Cellular uptake of 5 vitamin E isomers was significantly higher in TRF-treated myoblasts. (b) NAC-, TRF + NAC-, and ATF +
NAC-treated young, presenescent, and senescent myoblasts. Cellular uptake of 5 vitamin E isomers was significantly higher in TRF + NAC-
treated myoblasts. aDenoting 𝑝 < 0.05, significantly different compared to the young control, b𝑝 < 0.05, significantly different compared to
the presenescent control, and c𝑝 < 0.05, significantly different compared to the senescent control. Data are presented as themean ± SD, 𝑛 = 3.

(Figure 6(b)). However, only ATF + NAC-treated senescent
myoblasts demonstrated increased Cat activity.

No significant changes were observed in GPX1 mRNA
expression with aging in myoblasts, even though expression
of this gene was modulated by TRF, which was evident by the
upregulation of its mRNA expression in young, presenescent,
and senescent cells (𝑝 < 0.05) (Figure 5(d)). However,
a similar pattern of expression was not observed for the
enzyme activity of Gpx. Gpx activity was significantly higher
in the senescent control compared to both the young and
presenescent controls (𝑝 < 0.05) (Figure 6(c)), while both
TRF- and ATF-treated senescent myoblasts exhibited lower
enzyme activities compared to the senescent control (𝑝 <
0.05) (Figure 6(c)). Gpx activity levels were increased in TRF
+ NAC-treated presenescent myoblasts but decreased in ATF
+ NAC-treated presenescent myoblasts (Figure 6(c)). NAC-,
TRF + NAC-, and ATF + NAC-treated senescent myoblasts
exhibited significantly lower Gpx activity compared to the
untreated senescent control. A similar decrease in Gpx
activity was observed in young myoblasts treated with NAC
alone.

The GSH/GSSG ratio is always used as an indicator for
antioxidant capacity. However, in our study, there was no
significant change observed in the GSH/GSSG ratio between
young, presenescent, and the senescent control (Figure 6(d)).
In young and presenescent myoblasts, TRF treatment
reduced the ratio significantly compared to untreated con-
trols (𝑝 < 0.05) (Figure 6(d)). Determination of the GSH/
GSSG ratio in myoblasts showed that treatment with NAC
alone in young, presenescent, and senescent myoblasts
resulted in a significantly increased GSH/GSSG ratio (𝑝 <
0.05) (Figure 6(d)). A similar increase in theGSH/GSSG ratio
was observed in presenescent cells treated with TRF + NAC.

3.6. Effects of Antioxidants on Cell Viability and Apoptosis
Profile. To evaluate the beneficial effects of TRF, ATF, NAC,
and their combinations on oxidative status and its final out-
come, cell viability (Figure 7(a)) and apoptosis profile (Fig-
ures 7(b)–7(d)) weremeasured. Our results showed that TRF,
ATF,NAC, and their combinations significantly increased the
number of viable cells in young, presenescent, and senescent



Oxidative Medicine and Cellular Longevity 11

C
on

tro
l

TR
F

AT
F

N
AC

TR
F 

+ 
N

AC
AT

F 
+ 

N
AC

C
on

tro
l

TR
F

AT
F

N
AC

TR
F 

+ 
N

AC
AT

F 
+ 

N
AC

C
on

tro
l

TR
F

AT
F

N
AC

TR
F 

+ 
N

AC
AT

F 
+ 

N
AC

Young Presenescent Senescent

Re
la

tiv
e e

xp
re

ss
io

n 
va

lu
e

SO
D
1 0

0.1
0.2
0.3
0.4
0.5
0.6

(a)

C
on

tro
l

TR
F

AT
F

N
AC

TR
F 

+ 
N

AC
AT

F 
+ 

N
AC

C
on

tro
l

TR
F

AT
F

N
AC

TR
F 

+ 
N

AC
AT

F 
+ 

N
AC

C
on

tro
l

TR
F

AT
F

N
AC

TR
F 

+ 
N

AC
AT

F 
+ 

N
AC

Young Presenescent Senescent

Re
la

tiv
e e

xp
re

ss
io

n 
va

lu
e

SO
D
2

a
a

b

b

c

a c
0.00
0.05
0.10
0.15
0.20
0.25
0.30

(b)

C
on

tro
l

TR
F

AT
F

N
AC

TR
F 

+ 
N

AC
AT

F 
+ 

N
AC

C
on

tro
l

TR
F

AT
F

N
AC

TR
F 

+ 
N

AC
AT

F 
+ 

N
AC

C
on

tro
l

TR
F

AT
F

N
AC

TR
F 

+ 
N

AC
AT

F 
+ 

N
AC

Young Presenescent Senescent

a

a b

c

c
∗a

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5

Re
lat

iv
e e

xp
re

ss
io

n 
va

lu
e 

CA
T

(c)

Young Presenescent Senescent

C
on

tro
l

TR
F

AT
F

N
AC

TR
F 

+ 
N

AC
AT

F 
+ 

N
AC

C
on

tro
l

TR
F

AT
F

N
AC

TR
F 

+ 
N

AC
AT

F 
+ 

N
AC

C
on

tro
l

TR
F

AT
F

N
AC

TR
F 

+ 
N

AC
AT

F 
+ 

N
AC

Re
la

tiv
e e

xp
re

ss
io

n 
va

lu
e

GP
X1

a
b

c

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

(d)

Figure 5: Effects of antioxidants treatment on antioxidant enzymes mRNA expression in young, presenescent, and senescent myoblasts. (a)
SOD1 mRNA, (b) SOD2 mRNA, (c) CAT mRNA, and (d) GPX1 mRNA expression. aDenoting 𝑝 < 0.05, significantly different compared to
the young control, b𝑝 < 0.05, significantly different compared to the presenescent control, c𝑝 < 0.05, significantly different compared to the
senescent control, and ∗𝑝 < 0.05, significantly different compared to TRF-treated senescent myoblasts. Data are presented as the mean ± SD,
𝑛 = 3.

myoblasts compared to their corresponding untreated con-
trols (Figure 7(a)).

Apoptotic changes were determined by Annexin V-FITC
staining. Figure 7(b) shows the dot plot of FITC-Annexin
V/PI double staining as determined by flow cytometry anal-
ysis. The three quadrants represent different cell conditions:
the upper right quadrant (R1) indicates nonviable and late
apoptotic cells (FITC+ve/PI+ve), the lower left quadrant (R2)
indicates viable cells (FITC−ve/PI−ve), and the lower right
quadrant (R3) indicates early apoptotic cells (FITC+ve/PI−ve),
which is demonstrated by Annexin V binding and cytoplas-
mic membrane integrity. The quantitative data for the viable
cells is shown in Figure 7(c). The percentage of viable cells
in the presenescent and senescent controls was significantly
lower than in the young control (𝑝 < 0.05). Treatment with
TRF, ATF, TRF + NAC, or ATF + NAC was able to increase
the number of viable cells during replicative senescence,
signifying the protective role of antioxidant treatment against
cell death. A similar increase in cell viability was observed in
presenescent myoblasts treated with NAC, TRF + NAC, or
ATF + NAC (𝑝 < 0.05).

Increases in early and late apoptotic events were observed
in senescent myoblasts compared to young and presenescent
cells (𝑝 < 0.05) (Figure 7(d)). Treatment with TRF, ATF,
NAC, TRF + NAC, or ATF + NAC significantly reduced
the number of early apoptotic cells in senescent myoblasts
compared to untreated controls (𝑝 < 0.05). Only TRF, TRF

+ NAC, and ATF + NAC treatment significantly decreased
the number of cells undergoing late apoptotic events (𝑝 <
0.05). Early and late apoptotic events were also increased in
presenescent myoblasts and were reduced by TRF + NAC or
ATF + NAC treatment (𝑝 < 0.05).

4. Discussion

Vitamin E is well known for its free radical-scavenging
capacity, which plays an important role in antioxidant de-
fense mechanisms. The lesser known form of vitamin E,
tocotrienols, has been reported to possess greater antioxidant
effects and better membrane penetration ability compared
to tocopherols [26, 27]. These features contribute to their
efficient uptake by targeted cells in addition to exhibiting
higher scavenging power due to active recycling [26, 28].The
present study has demonstrated the effectiveness of TRF, a
broad mixture of vitamin E, in combating oxidative stress
and enhancing antioxidant defense mechanisms in senescent
myoblasts, resulting in the improvement of senescence-
associated oxidative stress as evidenced by decreased pro-
grammed cell death and increased cell viability.

In brief, increased oxidative stress as a result of redox
imbalance during aging leads to increased susceptibility of
satellite cells to apoptosis and affects muscle regeneration
[6, 8, 29, 30].The findings of this study showed that ROS gen-
eration was significantly increased in senescent myoblasts,
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Figure 6: Effects of antioxidants treatment on antioxidant enzymes activities and GSH/GSSG ratio in young, presenescent, and senescent
myoblasts. (a) Sod enzyme activity, (b) Cat enzyme activity, (c) Gpx enzyme activity, and (d) GSH/GSSG ratio. aDenoting 𝑝 < 0.05,
significantly different compared to the young control, b𝑝 < 0.05, significantly different compared to the presenescent control, and c𝑝 < 0.05,
significantly different compared to the senescent control. Data are presented as the mean ± SD, 𝑛 = 3.

resulting in higher levels of oxidative damage as indicated by
elevated lipid peroxidation. Increased oxidative stress during
replicative senescence has been reported to be similar to the
conditions in satellite cells derived from aged individuals [8,
10]. Moreover, elevated ROS in myoblasts endangers cellular
endurance as shown in our study. We found that the number
of viable cells decreased with increasing exogenous H

2
O
2

concentration [31].
The presence of free radicals in cells can be counteracted

by antioxidant defense systems. However, antioxidant capac-
ity decreases with advancing age, resulting in the accumu-
lation of free radicals, which threaten cell viability [8]. As
reported by Fulle and his coworkers [8], the levels of the
antioxidant enzymes Cat and glutathione transferase in satel-
lite cells isolated from the elderly were drastically decreased
compared to cells from young donors. SOD1 and GPX1
mRNA expression were not significantly different across the
cell stages. However, SOD2 and CAT mRNA expression were
upregulated in presenescent myoblasts, which was similar to
Sod activity in a previous study [32]. Additionally, a decline
in Cat activity was observed in presenescent myoblasts com-
pared to young myoblasts. Because antioxidant enzymes are
regulated in response to oxidative stress [33], we postulated
that presenescent myoblasts were attempting to compensate
for the decreased Cat levels by upregulating CAT mRNA
expression to overcome the progressive increase in oxidative
stress. Previous study reported that there is a compensatory
machinery in antioxidant defense systems which maintains

the integrity of muscle [34]. However, we found that senes-
cent cells were less responsive to increased oxidative stress.
The levels of SOD2 mRNA in senescent cells were lower
compared to presenescent cells. The expression of SOD2
mRNA was critical because lack of gene SOD2 can cause
mitochondrial damage and lifespan shortening inDrosophila
[35]. On the other hand, Gpx activity was increased in
senescent myoblasts compared to young and presenescent
myoblasts. A previous study also reported enhanced Cat
and Gpx activity during aging, which could be an adaptive
mechanism to the elevated H

2
O
2
levels [36], but the response

may be inadequate to counteract the existing ROS.
Our study also reports on the nonenzymatic antioxidants

in senescent myoblasts, glutathione [9]. The GSH/GSSG
ratio in our study remained unchanged at all ages, which
is similar to data reported previously, suggesting that there
is no alteration in GSH membrane transportation during
aging [37]. Therefore, based on the intracellular ROS levels,
lipid peroxidation, and enzymatic antioxidants, our results
indicated that senescentmyoblasts experience oxidant insults
as a result of a less effective antioxidant defense system, which
barely counteracted the elevated levels of cellular senescence-
associated oxidative stress.

The vitamin E concentration in cells increased with
vitamin E treatment (TRF orATF alone), particularly in TRF-
treated myoblasts, which contained all five isomers that were
tested. NAC treatment did not affect vitamin E uptake by the
cells, as shown by higher levels of vitamin E in myoblasts
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Figure 7: Effects of antioxidants treatment on cell viability and apoptosis. (a) The total number of viable cells after antioxidant treatment of
young, presenescent, and senescent myoblasts. (b) Dot plot of Annexin V-FITC and PI double staining. Each quadrant represents different
cell conditions, which are late apoptotic cells (FITC+ve/PI+ve; right upper quadrant; R1); viable cells (FITC−ve/PI−ve; left lower quadrant; R2);
and early apoptotic cells (FITC+ve/PI−ve; right lower quadrant, R3).The cells shifted from the left lower quadrant to the right lower and upper
quadrants when transitioning from young to senescent status. (c) The percentage of viable cells. (d) The apoptosis profile of myoblasts in
response to all treatments during early and late apoptosis events. ∗Denoting 𝑝 < 0.05, significantly different compared to respective control
groups, a𝑝 < 0.05, significantly different compared to young control, b𝑝 < 0.05, significantly different compared to the presenescent control,
and c𝑝 < 0.05, significantly different compared to the senescent control. Data are presented as the mean ± SD, 𝑛 = 3.
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treated with TRF + NAC and ATF + NAC compared to
cells treated with NAC alone. In brief, vitamin E can act
as a nonenzymatic antioxidant to combat oxidative stress
[9]. Thus, given its free radical-scavenging power, both TRF-
treated and ATF-treated senescent myoblasts demonstrated
reductions in their intracellular ROS generation and lipid
peroxidation levels. Findings from a previous animal study
reported a similar reduction in lipid peroxidation levels after
TRF and ATF supplementation [38], revealing the protective
effects of vitamin E against oxidative damage. TRF has been
reported to improve senescence-associated phenotypes in
H
2
O
2
-induced myoblasts [18]. In another study, ATF showed

protective effects inH
2
O
2
-inducedmyoblasts [39].Therefore,

both TRF and ATF could potentially be used to protect cells
against reactive oxidants.

Our data showed that TRF regulates the expression of
antioxidant enzymes in young, presenescent, and senescent
myoblasts. SOD2 mRNA expression was upregulated in all
TRF-treated cells, while Sod enzyme activity was upregulated
in TRF-treated presenescent and senescent myoblasts. The
SOD2 mRNA encodes one of the Sod isoforms (MnSod),
which is located in mitochondrial matrix [40]. Gianni et
al. [41] suggested that a superoxide related mitochondrial
stress is more apparent than cytosolic stress during aging.
Previous studies also reported that increased mitochondrial
DNA or RNA mutations were correlated with increasing
age and abnormality of aged muscle [42, 43]. Hence, age-
related oxidative stress is thought to lead to mitochondrial
dysfunction, which eventually may lead to progressive loss
of muscle mass and strength [44]. Instead of SOD1 mRNA,
TRF regulated SOD2mRNA; thus, we hypothesized that TRF
may act on the mitochondria and potentially protect this
organelle during aging. The upregulation of SOD2mRNA by
TRF could be a compensatory mechanism to counteract ele-
vated oxidative challenges inmitochondria during replicative
senescence and prevent accumulation of oxidative damage
that can trigger cellular aberration. Evidence demonstrated
that 𝛾-tocotrienol potentially protects renal proximal tubular
cells from oxidant-induced mitochondria dysfunctional and
cellular injury [45]. Increased Sod activity with TRF treat-
ment further validated the ability of TRF to modulate the
decomposition of superoxide anions to H

2
O
2
[38]. However,

neither Sod mRNA nor enzyme activity was modulated by
ATF.

In addition to the significant regulation of Sod activity,
TRF treatment also upregulated CAT and GPX1 mRNA in
young and senescent myoblasts. However, at the enzyme
activity level, TRF increasedCat activity, whereasGpx activity
was reduced in senescent myoblasts. Cat and Gpx work in
parallel to remove H

2
O
2
in cells [9]. Gpx also catalyzes

the elimination of hydroperoxides originated from unsat-
urated fatty acids at the expense of reduced glutathione
[46]. However, the protective role of the glutathione redox
cycle is limited at low levels of oxidative stress. During
severe oxidant insults, Cat becomes more substantial [46].
Thus, increased Cat at the mRNA and enzyme activity
revealed the effectiveness of TRF in enhancing the antiox-
idant defense system in senescent myoblasts. Because Gpx
is involved in hydroperoxide degradation, decreased Gpx

in TRF-treated senescent myoblasts may be attributable to
decreased lipid peroxidation in cells as reported in this
study. This explanation can also be applied to ATF-treated
myoblasts, which exhibited decreased Gpx enzyme activity
in both the presenescent and senescent stages. In addition,
ATF treatment upregulated CAT mRNA in senescent cells
but at levels that were significantly lower than TRF-treated
cells. These findings indicate that TRF potentially improves
the antioxidant defense system in senescent myoblasts, and
this effect is better than that of ATF.

NAC is a precursor of cysteine that can sustain the
production of glutathione, an important antioxidant in cells
[47]. In this study, NAC treatment successfully increased the
GSH/GSSG ratio in all myoblasts. NAC can scavenge ROS
directly [47]. In a previous study, NAC showed protective
effects against dystrophic muscle damage in the mdx mouse
[48] and attenuates fatigue during prolonged exercise [49].
Our results showed that NAC ameliorated myoblast mor-
phology and SA-𝛽-gal staining during senescence, which is
similar to the effects of TRF andATF [19]. Similar effects were
also observed in cells treated with combinations of TRF +
NAC and ATF + NAC. However, intracellular ROS and lipid
peroxidation levels were not modulated by NAC treatment
alone during senescence. The rate constants of NAC in
reaction with superoxide anion, H

2
O
2
, and peroxynitrite

were comparatively low [47]; consequently, the influence
of NAC on the dyes used in this study would be limited.
In our study, lipid peroxidation levels were not improved
by NAC, as supported by a previous study that measured
malondialdehyde (MDA) as a product of lipid peroxidation in
the mdx mouse [48]. As expected, both combined treatment
with TRF +NAC and ATF +NAC lowered lipid peroxidation
levels. On the other hand, intracellular ROS levels were only
ameliorated byTRF+NAC treatment in senescentmyoblasts,
suggesting that TRF is better than ATF in scavenging ROS,
even at lower concentrations, compared to the concentration
used for TRF treatment alone.

The effects of NAC on antioxidant enzymes were only
observed for Gpx activity in senescent myoblasts, although
a previous study showed that NAC was able to increase
antioxidant enzymes in cocaine-induced hepatocytes [50].
We found that NAC modulated the antioxidant enzyme
activity in presenescent myoblasts as shown by decreased
Sod activity and increased Cat activity with NAC treatment.
Treatment of senescent myoblasts with the combination
of TRF + NAC resulted in a stronger antioxidant defense
response, which involves the upregulation of SOD2 mRNA
expression and the increment in Sod activity, as well as a
decrease in Gpx activity, compared to treatment with NAC
alone. These results were similar to those observed for TRF-
treated senescentmyoblasts. RegardingATF, the combination
of ATF +NAC exerted greater effects on antioxidant enzymes
compared to treatment with ATF alone. Both Sod activity
and Gpx activity decreased whereas Cat activity increased
in presenescent myoblasts with ATF + NAC treatment.
Increased Cat activity and decreased Gpx activity were also
observed in ATF + NAC-treated senescent myoblasts. From
the results, both TRF + NAC and ATF + NAC treatment
were more effective than NAC alone in ameliorating the
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antioxidant defense system,which is similar to previous study
that showed combination of NAC and vitamin E has better
effect on gentamycin-induced nephrotoxicity compared to
NAC alone [51]. Therefore, the improved antioxidant defense
mechanisms observed in this studymay be attributable to the
modulatory effects of vitamin E treatment.

Satellite cells play very important roles in regenerating
injured muscle fibers [1]. Despite the availability of satellite
cells, which decline with increasing age [52, 53], they may
not be the sole reason underlying the impaired regenerative
response to injury during aging. Decreased satellite cell pro-
liferative capacity was reported with increased susceptibility
to apoptosis, signifying the fact that programmed cell death
may also play a part in age-related muscle regeneration
impairment [29]. Under stressful stimuli, more satellite cells
in old animals underwent apoptosis, thereby distorting skele-
tal muscle regeneration [29]. However, in a previous study,
vitamin E was reported to be able to protect against cell death
induced by low doses of oxidants [39]. In another study, it
was reported that antioxidant levels were interrelated with
the regenerative capacity of muscle stem cells [30]. In short,
viable senescent myoblasts were preserved, and the amount
of cell death was diminished with TRF treatment, which
may be attributed to the improvement of the oxidative status
in senescent cells. This may indicate that TRF ameliorates
regenerative capacity during aging in human myoblasts [19].

Adequate supply of vitamin E is essential for muscle
health. Conversely, vitamin E deficiency can lead to poor
muscle performance [12, 14]. A study showed that the antiox-
idant properties alone are insufficient to repair the injured
myoblasts [17]. Lipid-soluble vitamin E can easily diffuse
into the hydrophobic membrane and act as a “stabilizer” for
lipid membranes to facilitate ROS scavenging activity [17].
Accordingly, the findings of our study showed that both TRF
and ATF produced greater effects than NAC in oxidative
damage prevention. However, ATF, which is a well-known
representative of vitamin E, was not as effective as TRF in pro-
tecting against replicative senescence in myoblasts. Although
ATF improved the oxidative damage to a similar degree
as TRF, TRF is superior in enhancing antioxidant defense
mechanism. Previous findings showed that TRF-treated rats
exhibited better physical performance and oxidative status
than ATF-treated rats [38]. Unlike ATF, TRF is a broad mix-
ture of vitamin E that contains all four isomers of tocotrienol
and ATF; thus it should be more potent in scavenging free
radicals.Thedistinctive antioxidant properties of each isomer
have been attributed mainly to their chemical structure
[54]. For instance, the unsaturated isoprenoid side chain of
tocotrienols accounts for a higher peroxyl radical-scavenging
potential compared to tocopherols [54]. As a result, even at
a lower concentration, TRF is able to improve antioxidant
defense mechanism and ameliorate the oxidative status of
senescent myoblasts. Previous report suggested that, at low
concentrations, 𝛾-tocotrienol can protect cells against H

2
O
2
-

induced apoptosis, while a higher concentration is required
for ATF to produce the similar outcome [22]. Our results
showed the modulatory effect of TRF is distinguishable
compared to other treatments. Previous findings reported
that tocotrienols can target a broad range of molecules that

might play a role in aging or degenerative diseases [55].
Hence, we suggest that TRF is better than ATF inmodulating
antioxidant enzymes, particularly at the transcriptional level,
to reestablish redox balance in senescent myoblasts.

In summary, our study highlights the effects of TRF on
oxidative status in myoblasts during replicative senescence.
The results of our study showed increased oxidative stress in
senescent myoblasts with reduced antioxidant capacity and
increased susceptibility towards programmed cell death or
apoptosis, which were distinguishable from youngmyoblasts.
Treatment with TRF in senescent myoblasts resulted in
diminished ROS and lipid peroxidation in addition to rein-
forcing the antioxidant defense systemby augmenting antiox-
idant enzymes levels in senescentmyoblasts, which ultimately
maintained the number of myoblast cells. In conclusion, TRF
is a useful antioxidant that can counteract oxidative stress
and improve cellular survival during replicative senescence
of myoblasts, and thereby, it can potentially be used to
ameliorate muscle regeneration such as sarcopenia, although
further experiments should be carried out.
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