
Research Article
Neuregulin-1β Protects the Rat Diaphragm during Sepsis against
Oxidative Stress and Inflammation by Activating the
PI3K/Akt Pathway

Hua Liu ,1 Xiao-jian Weng,2 Jun-yan Yao ,3 Jun Zheng,4 Xiang Lv,1 Xu-hui Zhou,1

Hong Jiang ,1 and Shi-tong Li 3

1Department of Anesthesiology and Critical Care Medicine, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School
of Medicine, Shanghai 200011, China
2Department of Anesthesiology and SICU, Xinhua Hospital, School of Medicine, Shanghai Jiao Tong University,
Shanghai 200092, China
3Department of Anesthesiology, Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine,
Shanghai 200080, China
4Department of Pathology Center, Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine,
Shanghai 200080, China

Correspondence should be addressed to Hong Jiang; jianghongjiuyuan@163.com and Shi-tong Li; lishitongs@yahoo.com

Received 26 April 2020; Revised 15 June 2020; Accepted 1 July 2020; Published 20 July 2020

Guest Editor: Jolanta Czuczejko

Copyright © 2020 Hua Liu 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.

Sepsis-induced diaphragm dysfunction (SIDD) which is mainly characterized by decrease in diaphragmatic contractility has been
identified to cause great harms to patients. Therefore, there is an important and pressing need to find effective treatments for
improving SIDD. In addition, acetylcholinesterase (AChE) activity is a vital property of the diaphragm, so we evaluated both
diaphragmatic contractility and AChE activity. Though neuregulin-1β (NRG-1β) is known to exert organ-protective effects in
some inflammatory diseases, little is known about the potential of NRG-1β therapy in the diaphragm during sepsis. Our study
was aimed at exploring the effects of NRG-1β application on diaphragmatic contractility and AChE activity during sepsis.
Proinflammatory cytokines, muscle injury biomarkers in serum, contractile force, AChE activity, proinflammatory cytokines,
oxidative parameters, histological condition, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)
staining, and expression of phosphoinositide 3-kinase (PI3K)/protein kinase B (PKB/Akt) signaling proteins in the diaphragm
were measured and compared between nonseptic and septic groups with or without NRG-1β treatment. In vitro, the effects of
NRG-1β on reactive oxygen species (ROS) production in the lipopolysaccharide- (LPS-) stimulated L6 rat muscle skeletal cells
with or without the Akt inhibitor MK-2206 were detected. NRG-1β inhibited proinflammatory cytokine release and muscle
injury biomarkers soaring in serum and improved the sepsis-induced diaphragm dysfunction and AChE activity decrease
significantly during sepsis. Meanwhile, the inflammatory response, oxidative stress, pathological impairment, and cell apoptosis
in the diaphragm were mitigated by NRG-1β. And NRG-1β activated the PI3K/Akt signaling in the diaphragm of septic rats.
Elevated ROS production in the LPS-stimulated L6 rat skeletal muscle cells was reduced after treatment with NRG-1β, while
MK-2206 blocked these effects of NRG-1β. In conclusion, our findings underlined that NRG-1β could reduce circulating levels
of proinflammatory cytokines in rats with sepsis, adjust diaphragmatic proinflammatory cytokine level, mitigate diaphragmatic
oxidative injury, and lessen diaphragm cell apoptosis, thereby improving diaphragmatic function, and play a role in
diaphragmatic protection by activating PI3K/Akt signaling.
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1. Introduction

Sepsis is a series of clinical syndromes induced by severe
infection, causing multiple organ dysfunctions [1]. It is often
accompanied by acute respiratory failure, in which the weak-
ness of respiratory muscles is an important factor [2]. Dia-
phragmatic dysfunction and weakness were identified during
sepsis, leading to the specific definition of sepsis-induced dia-
phragm dysfunction (SIDD) [3, 4]. The diaphragm is the
major respiratory muscle, and it is crucial for optimal respi-
ration. SIDD can impair the ability of the respiratory pump,
further leading to respiratory failure, weaning failure of
mechanical ventilation, extended stay time in the intensive
care unit (ICU), and even death [2, 5]. The common patho-
logical events of diaphragmatic dysfunction during sepsis
are complex, including inflammation, oxidative stress, meta-
bolic imbalance, mitochondrial dysfunction, muscle apopto-
sis, and atrophy [6, 7]. The inflammation and oxidative stress
are two main factors underlying diaphragmatic dysfunction
during sepsis [8]. Inflammatory cytokine infiltration and
recessive reactive oxygen species (ROS) generated from oxi-
dative stress during sepsis could do damage to the skeletal
muscle contractility-associated proteins such as sarco(endo)-
plasmic reticulum calcium-ATPases (SERCA) and/or sarco-
mere, subsequently causing diaphragmatic weakness [9]. In
addition, acetylcholinesterase (AChE) activity at the neuro-
muscular junction (NMJ) is another vital property of the
diaphragm. Clinically, muscle relaxant antagonists are often
needed to help restore the muscle contractile tension of
patients after general anaesthesia [10, 11]. Muscle relaxant
antagonists exert their therapeutic effect by inhibiting AChE
activity, which causes more acetylcholine release and ulti-
mately accelerates muscle function restoration [12]. Our
previous study verified that AChE activity decreased at the
NMJ in the diaphragm during sepsis and oxidative stress
was a vital contributor [13]. Drugs could inhibit the inflam-
mation, and/or oxidative stress is theoretically useful for
maintaining diaphragmatic contractile function and AChE
activity during sepsis.

Neuregulin-1 (NRG-1) belongs to the neuregulin family,
which was first discovered and studied in neural and cancer
cells [14]. Both peripheral nerves and skeletal muscle are
assumed to synthesize and excrete NRG-1. NRG-1 contains
an epidermal growth factor- (EGF-) like domain that can
bind to and activate receptor tyrosine kinases of the ErbB
family (ErbB2, ErbB3, and ErbB4), exerting its role in cell
survival, proliferation, migration, and differentiation [15, 16].
All of the ErbB receptors are mainly present at the NMJ
[17], and NRG-1 acts as a medium between terminal Schwann
cells and motor axons, betweenmotor axons and muscles, and
between different muscle fibres [18, 19]. Previous studies have
shown that sepsis can induce a reduction in NRG-1 in the
skeletal muscle system [20, 21]. Both in vivo and in vitro
studies have demonstrated that NRG-1 and its associated
signaling pathway are protective against injury induced by
inflammatory diseases in the cardiovascular and nervous sys-
tems and simultaneously improve organ function [22–25].
However, the effects of NRG-1β on diaphragmatic contractil-
ity and AChE activity during sepsis have yet been explored.

These findings provide a theoretical basis for relieving dia-
phragmatic dysfunction by exogenously administering
NRG-1β. Our present study was aimed at exploring the role
of NRG-1β on diaphragmatic contractility and AChE activity
and simultaneously analyzing its effects on proinflammatory
cytokines (tumor necrosis factor-α (TNF-α), interleukin-1β
(IL-1β), and IL-6) in serum and the diaphragm, oxidative
parameters (thiobarbituric acid reactive species (TBARS),
protein carbonyl contents, and myeloperoxidase (MPO)
activity) in the diaphragm, nonspecific muscle injury param-
eters (aspartate transaminase (AST), lactate dehydrogenase
(LDH), and creatine kinase (CK) activity and myohemoglobin
(Myo) content) in serum, and specific diaphragm injury
(hematoxylin-eosin (H&E) staining of diaphragm) and dia-
phragm cell apoptosis (terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) staining of the
diaphragm) during sepsis. And we detected the phosphoinosi-
tide 3-kinase (PI3K)/protein kinase B (PKB/Akt) signaling
proteins in the diaphragm using Western blotting. We further
detected the effects of NRG-1β on reactive oxygen species
(ROS) production in the lipopolysaccharide- (LPS-) stimulated
L6 rat skeletal muscle cells with or without the Akt inhibitor
MK-2206 in order to determine whether NRG-1β could pro-
tect rat skeletal muscle cells against oxidative stress during
sepsis and whether this effect could be suppressed by the
Akt inhibitor. Here, we provide evidence that NRG-1β was
a therapeutic strategy for SIDD against oxidative stress and
inflammation by activating the PI3K/Akt pathway.

2. Materials and Methods

2.1. Animals and Experimental Design. Our study was
approved by the Animal Care and Use Committee of Shang-
hai General Hospital Affiliated with Shanghai Jiao Tong
University (grant number 2017DW001). The experiment
was performed using a total of 28 Sprague-Dawley rats
weighing 220-260 g. All animals were allowed free access to
food and water and were housed at a temperature of 24 ±
1°C under a 12 h light-dark cycle (lights on from 8 am to
8pm).

The rats were randomized into 3 groups: the sham group
(n = 6), the sepsis group (n = 11), and the NRG group
(n = 11). Sepsis was induced by caecal ligation and puncture
(CLP) which was performed as described in our previous
study [13, 26]. In brief, a 3 cm midline abdominal incision
was made under aseptic conditions after the rats were anaes-
thetized with an intraperitoneal injection of pentobarbital
(50mg/kg). The caecum was ligated at a distance equal to
50% of the total length of the caecum below the ileocaecal valve
and perforated once in the mesenteric-to-antimesenteric
direction with an 18-gauge needle. Then, the caecum was
pressed gently to produce droplets of faeces from the 2 punc-
ture sites. Finally, the caecum was replaced into the perito-
neal cavity, and the abdominal wall was closed in 2 layers
with 3-0 silk sutures. The rats in the sham group underwent
a similar procedure, but the caecum was neither ligated nor
perforated. Shortly after the surgery, all rats received 10ml
prewarmed (37°C) normal saline subcutaneously.
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Thirty minutes before surgery, the rats in the NRG group
received tail vein injections of NRG-1β (10μg/kg, Pepro-
Tech, Rocky Hill, NJ, USA), whereas the rats in the other
two groups received an equal volume of normal saline.

Twenty-four hours after surgery, all surviving rats were
euthanized by an intraperitoneal injection of pentobarbital
(100mg/kg), and then blood samples were collected from
the inferior vena cava, centrifuged, and stored at -80°C until
the assay. Then, the diaphragms were harvested for subse-
quent tests. A muscle strip (approximately 5mm wide) was
obtained from the midcoastal region of the left diaphragm
to immediately measure the diaphragmatic contractile force.
The remaining part of the left diaphragm was immediately
stored at -80°C until it was assayed for Western blotting of
p-PI3K, pan-PI3K, p-Akt, pan-Akt, and actin. The coastal
region of the right hemidiaphragm was immediately
removed for histological examination and TUNEL staining.
Meanwhile, the remaining part was immediately stored at
-80°C until it was assayed for proinflammatory cytokines,
AChE activity, TBARS content, protein carbonyl content,
and MPO activity.

2.2. Diaphragmatic Contractile Property Measurement. Dia-
phragmatic contractile properties were measured according
to previous studies [27, 28]. The diaphragm strip was sus-
pended vertically in a 37°C tissue bath filled with Krebs solu-
tion containing 137mM NaCl, 4mM KCl, 2mM CaCl2,
1mM MgCl2, 1mM KH2PO3, 12mM NaHCO3, and
6.5mM glucose (pH 7:40 ± 0:05). Additionally, 12μM d-
tubocurarine (Sigma-Aldrich, St. Louis, MO, USA) was
added to the Krebs solution to prevent neuromuscular trans-
mission, and the solution was bubbled with 95% O2/5%
CO2. Two silver stimulating electrodes were placed parallel
to the muscle strip and connected to an electrical stimulator
(ALC-MPA2000-S; Alcott Biotech, Shanghai, China) that
could be activated by a computer. After a 15min thermoe-
quilibration period, the optimal length (L0) at which the
muscle generated peak twitch force was determined. The
stimulus intensity was then set to 120% of the voltage inten-
sity, which was adjusted when the maximal twitch response
was reached at the L0 to ensure supramaximal stimulation.
Each strip was stimulated with an ms train every 2min at
the following frequencies: 10, 20, 40, 60, 80, and 120Hz.

Following the experiment, the muscle strip was blotted
dry and weighed. Finally, the force was normalized to the
muscle cross-sectional area (CSA), which was calculated by
the following formula (assuming that muscle density was
1.056 g/cm3): CSA =muscle weight ðgÞ/½L0 ðcmÞ × 1:056 ðg/c
m3Þ�.

2.3. Biochemical Measurement of AChE Activity in the
Diaphragm. The AChE activity was measured according to
our previous research [13]. In brief, the AChE activity mea-
surement was conducted using an AChE assay kit from the
Nanjing Jiancheng Bioengineering Institute (A024, Nanjing,
China) according to the manufacturer’s instructions.

2.4. Enzyme-Linked Immunosorbent Assays for TNF-α, IL-1β,
and IL-6 in Serum and the Diaphragm. The serum and dia-

phragmatic levels of TNF-α, IL-1β, and IL-6 were measured
using enzyme-linked immunosorbent assay (ELISA) kits
(Elabscience Biotechnology Co., Ltd., Wuhan, China)
according to the manufacturer’s instructions.

2.5. Measurement of AST, LDH, and CK Activity and Myo
Content in Serum

2.5.1. Measurement of AST Activity. AST activity was mea-
sured using an Aspartate Aminotransferase Activity Assay
kit (105135, Abcam, US) according to the manufacturer’s
instructions. Briefly, AST catalyses the reaction as follows:

aspartate + α‐ketoglutarate = oxaloacetate + glutamate ð1Þ

Glutamate was detected by the conversion of a nearly col-
ourless probe to a coloured product that was detected at
450 nm. In detail, after freezing-thawing the serum samples,
prepare test samples, standard, and positive control of up to
50μl/well with assay buffer in a 96-well plate. Then, add
100μl of the reaction mix to each well. After reaction, gluta-
mate production was measured according to the glutamate
standard curve and the corresponding optical density. One
unit of AST was defined as the amount of AST required to
generate 1.0μmol of glutamate per minute at 37°C.

2.5.2. Measurement of LDH Activity. LDH activity was mea-
sured using a Lactate Dehydrogenase Assay kit (197000,
Abcam, US) according to the manufacturer’s instructions.
LDH is a ubiquitous enzyme in vertebrate organisms that
catalyses the reversible conversion of pyruvate to lactate
and the concomitant conversion of NADH and NAD+.
NADH converted a colourless probe to a coloured one. Then,
the fluorescence (Ex/Em = 535/587 nm) was measured in a
kinetic mode at 37°C for 10-30min. In detail, after freezing-
thawing the serum samples, set up a plate for diluted stan-
dard (50μl), samples (50μl), and positive control wells
(50μl). Then, add 50μl of reaction mix to each well. Finally,
LDH activity in the samples was expressed as U/l of sample.
One unit of LDH was defined as the amount of enzyme
required to generate 1.0μmol of NADH per min at pH8.8
and 37°C.

2.5.3. Measurement of CK Activity. CK activity was measured
using a Creatine Kinase Assay kit (k777-100, Biovision, USA)
according to the manufacturer’s instructions. CK converts
creatine into phosphocreatine and ADP. The generated
phosphocreatine and ADP reacted with the CK Enzyme
Mix to form an intermediate that converted a colourless
probe to a coloured product with a strong absorbance at
450 nm. In detail, after freezing-thawing the serum samples,
prepare test samples, standard, and positive control of up to
50μl/well with assay buffer in a 96-well plate. Then, add
50μl of reaction mix to each well. Finally, CK activity in the
samples was expressed as U/l of sample. One unit of CK
was defined as the amount of enzyme required to generate
1.0μmol of NADH per min at pH9.0 and 37°C.

2.5.4. Measurement of Myo Content. Myo content was mea-
sured using the Myoglobin Rat ELISA kit (157739, Abcam,
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US) according to the manufacturer’s instructions. Finally, the
quantity of Myo in the serum was interpolated from the
standard curve plotted from the standards and corrected
for sample dilution.

2.6. Measurement of TBARS Contents in the Diaphragm. The
formation of TBARS was determined by an acid-heating
reaction, as previously described [29]. Specifically, prepare
the homogenate after adding 100μl H2O2 to 30mg dia-
phragm tissue. Vortex and centrifuge the homogenate after
adding 150μl perchloric acid. Then, prepare the TBARS-
TBA complex using the supernatant. Finally, add 200μl
TBARS-TBA complex to each well for the test. After the reac-
tion, TBARS levels were finally determined based on malon-
dialdehyde (MDA) equivalents per milligram of protein by
measuring the absorbance at 535nm.

2.7. Measurement of Protein Carbonyls in the Diaphragm.
The levels of protein carbonyls were measured based on the
reaction with dinitrophenyl hydrazine, as previously
described [30]. Specifically, vortex and centrifuge the 10%
diaphragm homogenate first. Then, drain the supernatant
and dilute it at the ratio of 1 : 9 for further test. After the reac-
tion, the levels of PC were determined as nmol of protein
carbonyls per milligram of protein by reading the absorbance
at 375nm.

2.8. Assay of MPO Activity in the Diaphragm. MPO activity
was determined by using a test kit from Nanjing Jiancheng
Bioengineering Institute (A044, Nanjing, China). The activ-
ity was determined as units of MPO activity per gram of
tissue wet weight by spectrophotometrically measuring the
change in absorbance at 412nm.

2.9. Histopathological Procedure and Semiquantitative
Analysis of Diaphragm Damage Score (DDS). The harvested
right hemidiaphragms were fixed in 4% formalin. After fixa-
tion, each tissue sample was routinely processed and embed-
ded in paraffin. Then, 5μm thick longitudinal sections were
produced from the tissue blocks and stained with hematoxy-
lin and eosin. The sections were dehydrated in a series of
graded ethanol solutions and sealed with neutral resin. Then,
these sections were photographed with a digital camera
(Axioplan 2, Carl Zeiss, Oberkochen, Germany) for histo-
pathological examination. The degree and severity of the
diaphragm injury were assessed and graded according to
the 5-point semiquantitative scale consisting of edema, neu-
trophil infiltration, haemorrhages, distribution of myofibrils,
etc., described in the previous study [31] by a professional
pathologist who was blinded to the experimental groups. A
severity grade was finally expressed as the diaphragm dam-
age score (DDS).

2.10. TUNEL Staining of Diaphragm Cells and Quantitative
Analysis of Cell Apoptosis Percentages from TUNEL-Stained
Images. TUNEL staining was performed using the Apoptosis
Detection Kit (C1088, Beyotime, China) according to the
manufacturer’s instructions. Finally, the images were cap-
tured using the Axioplan 2 imaging system and software;
then, the TUNEL-positive myonuclei were quantified by

Image-Pro Plus software (six images in three rats were
analyzed) and indicated as a percentage of all myonuclei.

2.11. Cell Culture and Treatment and Measurement of ROS
Production in the L6 Skeletal Muscle Cells. L6 rat skeletal
muscle cells were purchased from Shanghai Institutes for
Biological Science (Shanghai, China) and regularly cultured
and differentiated according to our previous study [32].
Thirty minutes before LPS (Sigma-Aldrich) treatment, cells
were treated with PBS (control group (C group) and LPS
group (L group)), NRG-1β (10 nM, PeproTech, PBS+NRG
group (CN group) and LPS+NRG group (LN group)), or
NRG-1β plus the Akt inhibitor MK-2206 (10μM, Selleck,
LPS+NRG+MK-2206 group (LNM group)) [33]. Then,
except C and CN groups, cells of other groups were treated
with LPS (1μg/ml) [32] for 24h. At the end of incubation,
cells were collected for quantifying intracellular ROS with a
Reactive Oxygen Species Assay Kit (S0033, Beyotime, China)
according to the manufacturer’s instructions. Briefly, cells
were resuspended with a serum-free medium containing
the fluorescent probe DCFH-DA (10μM). Subsequently,
cells were incubated at 37°C for 20min in the dark. DCF
fluorescence intensity was measured with a microplate absor-
bance reader.

2.12. Western Blotting Analysis. Firstly, the protein concen-
tration of the diaphragm sample was determined using a
bicinchoninic acid protein assay kit (Beyotime, Shanghai,
China) after being homogenized in radioimmunoprecipita-
tion lysis buffer (Beyotime) containing 1mM phenylmetha-
nesulfonyl fluoride (Amresco, LLC, Solon, OH, USA).
Subsequently, 30μg of the proteins was loaded on a 10%
sodium dodecyl sulfate- (SDS-) polyacrylamide gel for elec-
trophoresis. Then, the proteins were transferred to polyviny-
lidene difluoride membranes (Millipore, Billerica, MA, USA)
which were blocked in Western blocking buffer (Beyotime)
for 1.5 h at room temperature and incubated with primary
antibodies at 4°C overnight for immunoblotting. The
primary antibodies used were rabbit antibodies specific for
p-PI3K (Tyr607) (1 : 1000; ab182651; Abcam), pan-PI3K
(1 : 500; BS3678; Bioworld Technology, Nanjing, Jiangsu,
China), p-Akt (Thr308) (1 : 1000; #2965; Cell Signaling Tech-
nology (CST), Boston, MA, USA), and pan-Akt (1 : 1000;
#4691, CST) and a mouse antibody specific for actin
(1 : 1000; AF0006; Beyotime). The blots were incubated for
1 h at room temperature with peroxidase-conjugated second-
ary antibodies after rinsing three times in Tris-buffered saline
with Tween 20 (TBST). Finally, the membranes were washed
with TBST and visualized using an electrochemilumines-
cence detection kit (Millipore). Densitometry was con-
ducted using Image-Pro Plus software (version 6.0; Media
Cybernetics, Inc.).

2.13. Statistical Analyses. Statistical analyses were conducted
using SPSS (version 19.0; SPSS Inc., Chicago, Illinois, USA).
The values are presented as the mean ± standard deviation
(SD). The data were first tested for normality and equality
of variance. Between-group comparisons for each dependent
variable were assessed by analysis of variance (ANOVA) with
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the least significant difference (LSD) test. P < 0:05 was con-
sidered to be statistically significant.

3. Results

3.1. Survival Rates within 24 h. Six of the 11 rats in the sepsis
group and 9 of the 11 rats in the NRG group survived to 24 h
after the CLP procedure, whereas all of the rats in the sham
group survived. Additionally, the surviving rats that under-
went CLP surgery developed varying degrees of septic symp-
toms, such as a loss of movement, hair erection, shortness of
breath, subconjunctival exudation, and diarrhoea.

3.2. Diaphragm Force-Frequency Relationship. The data of
the response of the diaphragm strips to stimuli of increasing
frequencies are shown in Figure 1. A significant downward
shift across all of the applied stimulation frequencies
(10-120Hz) was observed in the sepsis group (P < 0:01).
NRG-1β treatment partially restored the downward shift
(P < 0:01), which suggested that NRG-1β can improve
the reduced diaphragmatic force generation during sepsis.

3.3. AChE Activity in the Diaphragm. Compared with the
sham group, AChE activity decreased significantly in both
the sepsis and the NRG groups 24h after surgery (P < 0:01).
However, AChE activity increased in the NRG group com-
pared with the sepsis group (P < 0:01) (Figure 2).

3.4. Effects of NRG-1β on Serum and Diaphragmatic
Proinflammatory Cytokines. As shown in Figure 3, the levels
of serum TNF-α, IL-1β, and IL-6 were increased significantly
in rats in the sepsis group compared to rats in the sham
group 24h after surgery (P < 0:01), while TNF-α, IL-1β,
and IL-6 concentrations at 24 h after CLP were reduced after
NRG-1β treatment (P < 0:01).

As shown in Figure 4, the levels of diaphragmatic TNF-α,
IL-1β, and IL-6 were increased significantly in rats in the sep-
sis group compared to rats in the sham group 24 h after sur-
gery (P < 0:01), while TNF-α, IL-1β, and IL-6 concentrations
at 24 h after CLP were reduced after NRG-1β treatment
(P < 0:01).

3.5. Effects of NRG-1β on Serum Biomarkers of Muscle Injury.
As there is no specific biomarker for skeletal muscle injury,
we detected the AST, LDH, and CK activity and the Myo
content in serum to evaluate muscle injury generally. The
AST, LDH, and CK activity and the Myo content in the
serum rose significantly 24h after CLP (P < 0:01), while the
levels dropped significantly upon NRG-1β treatment
(P < 0:01) (Figure 5).

3.6. Effects of NRG-1β on Oxidative Injury of the Diaphragm.
As shown in Figure 6, the TBARS, protein carbonyl contents,
and MPO activity in the diaphragm were increased signif-
icantly in rats in the sepsis group compared to rats in the
sham group 24 h after surgery (P < 0:01), while the
increase was partially restored after NRG-1β treatment
(P < 0:01, P < 0:05).

3.7. Effects of NRG-1β on Histological Conditions in the
Diaphragm. As shown in Figure 7, histological examinations

of the diaphragm were conducted in the three groups. H&E
staining of diaphragms from the rats in the sham group
revealed a normal structure of the diaphragm (polygonal
pink fibres with several blue/purple cellular membranes and
a neat and tight arrangement of muscle fibres). Twenty-
four hours after the CLP procedure, obvious changes were
noted in the diaphragms of the rats in the sepsis group; these
diaphragms presented a disordered arrangement, more
inflammatory cell infiltration, and widened intercellular
spaces. The pathological changes were partially improved
by NRG-1β treatment. The diaphragm fibre arrangement
was more regular; intercellular edema and haemorrhages
were alleviated. Additionally, the diaphragms of the rats in
the NRG group exhibited lesser inflammatory infiltration.
The semiquantitative analysis showed that the DDS was
higher in the sepsis group than in the sham group, while
NRG-1β treatment decreased the DDS significantly
(P < 0:01).

3.8. Effects of NRG-1β on Cell Apoptosis of the Diaphragm. As
shown in Figure 8, TUNEL staining was conducted to mea-
sure the apoptotic cells in the diaphragm. The TUNEL-
positive myonuclei increased in the sepsis group compared
with the sham group (P < 0:01). However, the TUNEL-
positive myonuclei decreased significantly in the NRG group
compared with the sepsis group (P < 0:01) although the
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TUNEL-positive myonuclei in the NRG group were still
higher than those in the sham group (P < 0:01).

3.9. Effects of NRG-1β on the PI3K-Akt Signaling Pathway in
the Diaphragm. As shown in Figure 9, the expressions of p-
PI3K and p-Akt were reduced during sepsis (P < 0:01), while
the expression of these proteins increased after NRG-1β
treatment (P < 0:05).

3.10. Effects of NRG-1β on ROS Production in the L6 Rat
Skeletal Muscle Cells.As shown in Figure 10, ROS production
in the L group increased significantly compared with that in
the C group and CN group (P < 0:01), while there is no
significant difference in ROS production between the C
group and CN group. Treatment with NRG-1β decreased
the ROS production (P < 0:01), while the administration of
MK-2206 blocked these effects of NRG-1β (P < 0:01).

4. Discussion

In the current study, we observed the effects of the NRG-1β
on the diaphragm in a rat model of sepsis. Our study indi-
cated that NRG-1β exerted diaphragm-protective functions,
i.e., strengthening diaphragmatic contractile force and AChE

activity, alleviating inflammatory infiltration, reducing oxi-
dative and morphological injury, and lessening diaphragm
cell apoptosis. Moreover, NRG-1β activated the PI3K/Akt
signaling pathway in the diaphragm during sepsis. And
NRG-1β protected LPS-stimulated L6 skeletal muscle cells
against oxidative stress by activating the PI3K/Akt pathway,
which was further confirmed.

These observations should be of clinical relevance, since
SIDD causes great harms as mentioned before, which finally
leads to a heavy social and financial burden. We firstly
offered the evidence that NRG-1βmay provide a therapeutic
option for curing SIDD via suppressing oxidative stress and
inflammation by activating the PI3K/Akt signaling pathway.

In this study, sepsis was established by CLP, as described
in a previous study [26]. CLP is regarded as the gold standard
model of sepsis [34]. Twenty-four hours after CLP, there
were a significant increase in proinflammatory cytokines
(TNF-α, IL-1β, and IL-6) in serum and an elevated death rate
in rats, while the surviving rats developed septic syndrome;
this demonstrated that our sepsis model was successfully
established.

NRG-1 is a member of the neuregulin family, and it has
two isoforms, namely, NRG-1α and NRG-1β, with different
EGF-like domains. NRG-1β is 10-100 times more potent
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than NRG-1α [15, 16]; thus, we chose to use NRG-1β in this
study. Proinflammatory cytokines such as TNF-α, IL-1β, and
IL-6 have been verified to participate in and promote sepsis
in previous studies; similarly, our study suggested that
sepsis-induced diaphragmatic dysfunction and AChE activ-

ity decrease were associated with an increased exposure of
the diaphragm to proinflammatory cytokines. NRG-1β’s
anti-inflammatory roles on brains have been noted previ-
ously [22], but little is known whether it could also protect
the diaphragm during sepsis via its anti-inflammatory effects.
In this study, we clearly demonstrated that NRG-1β treat-
ment substantially decreased the systemic and diaphragmatic
proinflammatory cytokines. Meanwhile, inflammatory infil-
tration in the diaphragm during sepsis was also ameliorated
after NRG-1β treatment.

Additionally, oxidative stress which is characterized by
the excessive production of ROS [8, 35] has been proven to
play an essential role in the onset and development of sepsis.
ROS consist of active oxygen free radicals or molecules such
as superoxide (O2

∙−), hydrogen peroxide (H2O2), hydroxyl
radicals (OH), and hypochlorous acid (HOCl) [36, 37],
which can attack proteins, unsaturated lipids, nucleic acids,
and carbohydrates, subsequently triggering injury in tissues
and organisms. Malondialdehyde (MDA, detected by
TBARS) and protein carbonyls are two typical markers of
oxidative stress-induced injury to lipids and proteins, respec-
tively [29, 30]. We measured TBARS and protein carbonyl
levels to observe oxidative injury in the diaphragm of rats;
simultaneously, we tested serum AST, LDH, and CK activity
and Myo content to observe skeletal muscle injury indirectly,
as in previous studies [38, 39]. Results from the current study
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showed that sepsis induced severe oxidative injury in the
diaphragm. Fortunately, NRG-1β treatment significantly
reduced the serum AST, LDH, and CK activity and Myo con-
tent during sepsis. Moreover, NRG-1β administration could
reduce TBARS and protein carbonyl levels in the diaphragm
of rats with sepsis, which illustrated that sepsis-induced oxi-
dative injury in the diaphragm was alleviated. These results
were in line with its protective role against oxidative stress
in the myocardium and neurons [22, 25]. Besides, AChE
activity elevated after NRG-1β treatment as well, since our
previous research suggested that oxidative stress played a
vital role in AChE activity decrease in the diaphragm of rats
with sepsis.

Interestingly, our study found that MPO activity of the
diaphragm in the rats of the NRG group was significantly
reduced compared to that of the sepsis group. MPO is syn-
thesized and secreted by neutrophils and is regarded as a
marker of inflammation and neutrophil infiltration in tissues
[40]. Meanwhile, MPO can convert H2O2 into HOCl, which
is a more active ROS than H2O2 [41]. Neutrophil infiltration,
larger nuclei, and wider spacing of skeletal muscle fibres were
observed in the diaphragms of rats with sepsis. After NRG-
1β treatment, neutrophil infiltration was improved, which
is consistent with the change in MPO activity. In addition,
nuclear size, the spacing of skeletal muscle fibres, and DDS
were diminished. These findings implied an interplay rela-
tionship of oxidative stress and inflammation in the develop-
ment of SIDD while NRG-1β exerted its protective effects
through alleviating both inflammatory and oxidative injuries
in the diaphragm.

Our study showed that NRG-1β improved the inhibition
of PI3K and Akt in the diaphragm of rats with sepsis, which is
further verified in vitro since the protective effects of NRG-
1β in the LPS-stimulated L6 skeletal muscle cells were
blocked by the Akt inhibitor. Several previous studies have
proven that NRG-1β could activate the PI3K/Akt signaling
pathway and exert protective effects in cardiac myocytes sub-
jected to a variety of pathological conditions [42, 43]. How-
ever, to the best of our knowledge, this study is the first to
identify NRG-1β as an activator of a PI3K/Akt-mediated
protective role against oxidative stress and inflammation in
the diaphragm during sepsis. Both ErbB2 and ErbB3 recep-
tors are verified to be expressed in the rat diaphragm [44].
NRG-1 could recruit and activate the PI3K through its
EGF-like domain binding to the ErbB2/ErbB3 heterodimer
[45]. Further studies are needed to detect the activation of
the two ErbB receptors. The PI3K/Akt pathway is an impor-
tant signal transduction pathway. Akt is the downstream tar-
get of PI3K and plays a pivotal role in several cellular
processes, including cell proliferation, differentiation, apo-
ptosis, migration, and transcription [46]. Akt inhibition is
associated with an inflammatory response, while Akt activa-
tion reduces cellular oxidative stress and inhibits the release
of proinflammatory cytokines [47, 48]. Several previous stud-
ies have reported that some drugs could prevent liver injury
[49] or hepatic fibrosis [50] via regulating the PI3K/Akt path-
way. These provide the theoretical foundation for our con-
clusions since we have proven that NRG-1β can activate
the PI3K/Akt pathway in the diaphragm of rats with sepsis.

5. Conclusions

We consider that there were at least two highlights in the cur-
rent study. First, our study found that NRG-1β could prevent
diaphragmatic function and AChE activity during sepsis for
the first time. Additionally, NRG-1β treatment also amelio-
rated the inflammatory infiltration, oxidative injury, and cell
apoptosis in the diaphragm of the rats with sepsis. Second,
the study showed that the PI3K/Akt pathway was responsible
for NRG-1β’s protective roles on the diaphragm against
inflammation and oxidative stress during sepsis. In conclu-
sion, the current study confirmed NRG-1β’s diaphragm-
protective role during sepsis and its related mechanisms,
which would provide a new therapeutic vision of protecting
SIDD in the future.

Data Availability

The Tiff. data used to support the findings of this study are
included within the article.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Hua Liu and XiaojianWeng contributed equally to this work.

Acknowledgments

This study was supported by grants from the Shanghai Sci-
ence and Technology Committee (Grant No. 19JC1413300)
and the National Natural Science Foundation of China
(Grant no. 81772121).

References

[1] M. Singer, C. S. Deutschman, C. W. Seymour et al., “The third
international consensus definitions for sepsis and septic shock
(sepsis-3),” JAMA, vol. 315, no. 8, pp. 801–810, 2016.

[2] D. Berger, S. Bloechlinger, S. von Haehling et al., “Dysfunction
of respiratory muscles in critically ill patients on the intensive
care unit,” Journal of Cachexia, Sarcopenia and Muscle, vol. 7,
no. 4, pp. 403–412, 2016.

[3] G. S. Supinski, P. E. Morris, S. Dhar, and L. A. Callahan,
“Diaphragm dysfunction in critical illness,” Chest, vol. 153,
no. 4, pp. 1040–1051, 2018.

[4] J. Boczkowski, B. Dureuil, C. Branger et al., “Effects of sepsis on
diaphragmatic function in rats,” The American Review of
Respiratory Disease, vol. 138, no. 2, pp. 260–265, 1988.

[5] M. Dres, E. C. Goligher, L. M. A. Heunks, and L. J. Brochard,
“Critical illness-associated diaphragm weakness,” Intensive
Care Medicine, vol. 43, no. 10, pp. 1441–1452, 2017.

[6] R. C. Bone, C. J. Grodzin, and R. A. Balk, “Sepsis: a new
hypothesis for pathogenesis of the disease process,” Chest,
vol. 112, no. 1, pp. 235–243, 1997.

[7] R. C. Bone, R. A. Balk, F. B. Cerra et al., “Definitions for sepsis
and organ failure and guidelines for the use of innovative ther-
apies in sepsis,” Chest, vol. 101, no. 6, pp. 1644–1655, 1992.

9Oxidative Medicine and Cellular Longevity



[8] J. Duran-Bedolla, M. A. Montes de Oca-Sandoval, V. Saldaña-
Navor, J. A. Villalobos-Silva, M. C. Rodriguez, and S. Rivas-
Arancibia, “Sepsis, mitochondrial failure and multiple organ
dysfunction,” Clinical and Investigative Medicine, vol. 37,
no. 2, pp. E58–E69, 2014.

[9] B. J. Petrof, “Diaphragm weakness in the critically ill: basic
mechanisms reveal therapeutic opportunities,” Chest,
vol. 154, no. 6, pp. 1395–1403, 2018.

[10] S. J. Brull and G. S. Murphy, “Residual neuromuscular Block,”
Anesthesia and Analgesia, vol. 111, no. 1, pp. 129–140, 2010.

[11] J. U. Schreiber, “Management of neuromuscular blockade in
ambulatory patients,” Current Opinion in Anaesthesiology,
vol. 27, no. 6, pp. 583–588, 2014.

[12] S. J. Brull and A. F. Kopman, “Current status of neuromuscular
reversal and monitoring: challenges and opportunities,” Anes-
thesiology, vol. 126, no. 1, pp. 173–190, 2017.

[13] H. Liu, J. Wu, J.-y. Yao, H. Wang, and S.-t. Li, “The role of
oxidative stress in decreased acetylcholinesterase activity at
the neuromuscular junction of the diaphragm during sepsis,”
Oxidative Medicine and Cellular Longevity, vol. 2017, Article
ID 9718615, 6 pages, 2017.

[14] E. Peles, “Neu and its ligands: from an oncogene to neural fac-
tors,” Bioessays, vol. 15, no. 12, pp. 815–824, 1993.

[15] D. L. Falls, “Neuregulins: functions, forms, and signaling strat-
egies,” Experimental Cell Research, vol. 284, no. 1, pp. 14–30,
2003.

[16] A. Gumà, V. Martínez-Redondo, I. López-Soldado, C. Cantó,
and A. Zorzano, “Emerging role of neuregulin as a modulator
of muscle metabolism,” American Journal of Physiology. Endo-
crinology and Metabolism, vol. 298, no. 4, pp. E742–E750, 2010.

[17] M. Morano, G. Ronchi, V. Nicolò et al., “Modulation of the
neuregulin 1/ErbB system after skeletal muscle denervation
and reinnervation,” Scientific Reports, vol. 8, no. 1, p. 5047,
2018.

[18] D. Kim, S. Chi, K. H. Lee et al., “Neuregulin stimulates
myogenic differentiation in an autocrine manner,” The Journal
of Biological Chemistry, vol. 274, no. 22, pp. 15395–15400, 1999.

[19] G. Ennequin, F. Capel, K. Caillaud et al., “Neuregulin-1
improves complex 2-mediated mitochondrial respiration in
skeletal muscle of healthy and diabetic mice,” Scientific
Reports, vol. 7, no. 1, p. 1742, 2017.

[20] F. Xie, S. Min, J. Chen, J. Yang, and X. Wang, “Ulinastatin
inhibited sepsis-induced spinal inflammation to alleviate
peripheral neuromuscular dysfunction in an experimental rat
model of neuromyopathy,” Journal of Neurochemistry,
vol. 143, no. 2, pp. 225–235, 2017.

[21] L. Liu, F. Xie, K. Wei et al., “Sepsis induced denervation-like
changes at the neuromuscular junction,” The Journal of Surgi-
cal Research, vol. 200, no. 2, pp. 523–532, 2016.

[22] J. Xu, C. Hu, S. Chen et al., “Neuregulin-1 protects mouse cer-
ebellum against oxidative stress and neuroinflammation,”
Brain Research, vol. 1670, pp. 32–43, 2017.

[23] J.-H. Lee, J.-Y. Yoo, H.-b. Kim et al., “Neuregulin1 attenuates
H2O2-induced reductions in EAAC1 protein levels and
reduces H2O2-induced oxidative stress,” Neurotoxicity
Research, vol. 35, no. 2, pp. 401–409, 2019.

[24] F. Timolati, D. Ott, L. Pentassuglia et al., “Neuregulin-1 beta
attenuates doxorubicin-induced alterations of excitation-
contraction coupling and reduces oxidative stress in adult rat
cardiomyocytes,” Journal of Molecular and Cellular Cardiol-
ogy, vol. 41, no. 5, pp. 845–854, 2006.

[25] A. Siltanen, K. Nuutila, Y. Imanishi et al., “The paracrine effect
of skeletal myoblasts is cardioprotective against oxidative
stress and involves EGFR-ErbB4 signaling, cystathionase, and
the unfolded protein response,” Cell Transplantation, vol. 25,
no. 1, pp. 55–69, 2016.

[26] D. Rittirsch, M. S. Huber-Lang, M. A. Flierl, and P. A. Ward,
“Immunodesign of experimental sepsis by cecal ligation and
puncture,” Nature Protocols, vol. 4, no. 1, pp. 31–36, 2009.

[27] M. Yang, H. Wang, G. Han et al., “Phrenic nerve stimulation
protects against mechanical ventilation-induced diaphragm
dysfunction in rats,” Muscle & Nerve, vol. 48, no. 6, pp. 958–
962, 2013.

[28] J. Jiang, B. Yang, G. Han, M. Yang, and S. Li, “Early adminis-
tration of cisatracurium attenuates sepsis-induced diaphragm
dysfunction in rats,” Inflammation, vol. 38, no. 1, pp. 305–
311, 2015.

[29] H. H. Draper and M. Hadley, “[43] Malondialdehyde determi-
nation as index of lipid peroxidation,”Methods in Enzymology,
vol. 186, pp. 421–431, 1990.

[30] R. L. Levine, D. Garland, and C. N. Oliver, “[49] Determina-
tion of carbonyl content in oxidatively modified proteins,”
Methods in Enzymology, vol. 186, pp. 464–478, 1990.

[31] V. Jaćević, E. Nepovimova, and K. Kuča, “Toxic injury to mus-
cle tissue of rats following acute oximes exposure,” Scientific
Reports, vol. 9, no. 1, p. 1457, 2019.

[32] J. Wu, H. Liu, T. Chu, P. Jiang, and S.-t. Li, “Neuregulin-1β
attenuates sepsis-induced diaphragm atrophy by activating
the PI3K/Akt signaling pathway,” Journal of Muscle Research
and Cell Motility, vol. 40, no. 1, pp. 43–51, 2019.

[33] F. Hu, N. Li, Z. Li et al., “Electrical pulse stimulation induces
GLUT4 translocation in a Rac-Akt-dependent manner in
C2C12 myotubes,” FEBS Lett Actions, vol. 592, no. 4,
pp. 644–654, 2018.

[34] L. Dejager, I. Pinheiro, E. Dejonckheere, and C. Libert, “Cecal
ligation and puncture: the gold standard model for polymicro-
bial sepsis?,” Trends in Microbiology, vol. 19, no. 4, pp. 198–
208, 2011.

[35] P. Newsholme, V. F. Cruzat, K. N. Keane, R. Carlessi, and P. I.
H. de Bittencourt Jr., “Molecular mechanisms of ROS produc-
tion and oxidative stress in diabetes,” The Biochemical Journal,
vol. 473, no. 24, pp. 4527–4550, 2016.

[36] M. P. Fink, “Role of reactive oxygen and nitrogen species in
acute respiratory distress syndrome,” Current Opinion in
Critical Care, vol. 8, no. 1, pp. 6–11, 2002.

[37] H. Bayir, “Reactive oxygen species,” Critical Care Medicine,
vol. 33, pp. S498–S501, 2005.

[38] E. Cavarretta, M. Peruzzi, R. del Vescovo et al., “Dark choco-
late intake positively modulates redox status and markers of
muscular damage in elite football athletes: a randomized con-
trolled study,” Oxidative Medicine and Cellular Longevity,
vol. 2018, Article ID 4061901, 10 pages, 2018.

[39] S. O. El-Ganainy, A. El-Mallah, D. Abdallah, M. M. Khattab,
M. M. M. El-Din, and A. S. El-Khatib, “Rosuvastatin safety:
an experimental study of myotoxic effects and mitochondrial
alterations in rats,” Toxicology Letters, vol. 265, pp. 23–29,
2017.

[40] M. Faith, A. Sukumaran, A. B. Pulimood, and M. Jacob, “How
reliable an indicator of inflammation is myeloperoxidase activ-
ity?,” Clinica Chimica Acta, vol. 396, no. 1-2, pp. 23–25, 2008.

[41] J. P. Gaut, G. C. Yeh, H. D. Tran et al., “Neutrophils employ
the myeloperoxidase system to generate antimicrobial

10 Oxidative Medicine and Cellular Longevity



brominating and chlorinating oxidants during sepsis,” Pro-
ceedings of the National Academy of Sciences of the United
States of America, vol. 98, no. 21, pp. 11961–11966, 2001.

[42] M. X. Cai, X. C. Shi, T. Chen et al., “Exercise training activates
neuregulin 1/ErbB signaling and promotes cardiac repair in a
rat myocardial infarction model,” Life Sciences, vol. 149,
pp. 1–9, 2016.

[43] T. An, Y. Zhang, Y. Huang et al., “Neuregulin-1 protects
against doxorubicin-induced apoptosis in cardiomyocytes
through an Akt-dependent pathway,” Physiological Research,
vol. 62, no. 4, pp. 379–385, 2013.

[44] N. J. Hellyer, C. B. Mantilla, E. W. Park, W. Z. Zhan, and G. C.
Sieck, “Neuregulin-dependent protein synthesis in C2C12
myotubes and rat diaphragm muscle,” American Journal of
Physiology. Cell Physiology, vol. 291, no. 5, pp. C1056–C1061,
2006.

[45] N. K. Lebrasseur, G. M. Coté, T. A. Miller, R. A. Fielding, and
D. B. Sawyer, “Regulation of neuregulin/ErbB signaling by
contractile activity in skeletal muscle,” American Journal of
Physiology-Cell Physiology, vol. 284, no. 5, pp. C1149–C1155,
2003.

[46] B. D. Manning and A. Toker, “AKT/PKB signaling: navigating
the network,” Cell, vol. 169, no. 3, pp. 381–405, 2017.

[47] L. Ma, X. P. Li, H. S. Ji, Y. F. Liu, and E. Z. Li, “Baicalein pro-
tects rats with diabetic cardiomyopathy against oxidative stress
and inflammation injury via phosphatidylinositol 3-kinase
(PI3K)/AKT pathway,” Medical Science Monitor, vol. 24,
pp. 5368–5375, 2018.

[48] D. Wang, M. Jin, X. Zhao et al., “FGF1ΔHBS ameliorates
chronic kidney disease via PI3K/AKT mediated suppression
of oxidative stress and inflammation,” Cell Death & Disease,
vol. 10, no. 6, p. 464, 2019.

[49] S. Xu, L. Wu, Q. Zhang et al., “Pretreatment with propylene
glycol alginate sodium sulfate ameliorated concanavalin A-
induced liver injury by regulating the PI3K/Akt pathway in
mice,” Life Sciences, vol. 185, pp. 103–113, 2017.

[50] L. Wu, Q. Zhang, W. Mo et al., “Quercetin prevents hepatic
fibrosis by inhibiting hepatic stellate cell activation and
reducing autophagy via the TGF-β1/Smads and PI3K/Akt
pathways,” Scientific Reports, vol. 7, no. 1, p. 9289, 2017.

11Oxidative Medicine and Cellular Longevity


	Neuregulin-1β Protects the Rat Diaphragm during Sepsis against Oxidative Stress and Inflammation by Activating the PI3K/Akt Pathway
	1. Introduction
	2. Materials and Methods
	2.1. Animals and Experimental Design
	2.2. Diaphragmatic Contractile Property Measurement
	2.3. Biochemical Measurement of AChE Activity in the Diaphragm
	2.4. Enzyme-Linked Immunosorbent Assays for TNF-α, IL-1β, and IL-6 in Serum and the Diaphragm
	2.5. Measurement of AST, LDH, and CK Activity and Myo Content in Serum
	2.5.1. Measurement of AST Activity
	2.5.2. Measurement of LDH Activity
	2.5.3. Measurement of CK Activity
	2.5.4. Measurement of Myo Content

	2.6. Measurement of TBARS Contents in the Diaphragm
	2.7. Measurement of Protein Carbonyls in the Diaphragm
	2.8. Assay of MPO Activity in the Diaphragm
	2.9. Histopathological Procedure and Semiquantitative Analysis of Diaphragm Damage Score (DDS)
	2.10. TUNEL Staining of Diaphragm Cells and Quantitative Analysis of Cell Apoptosis Percentages from TUNEL-Stained Images
	2.11. Cell Culture and Treatment and Measurement of ROS Production in the L6 Skeletal Muscle Cells
	2.12. Western Blotting Analysis
	2.13. Statistical Analyses

	3. Results
	3.1. Survival Rates within 24&thinsp;h
	3.2. Diaphragm Force-Frequency Relationship
	3.3. AChE Activity in the Diaphragm
	3.4. Effects of NRG-1β on Serum and Diaphragmatic Proinflammatory Cytokines
	3.5. Effects of NRG-1β on Serum Biomarkers of Muscle Injury
	3.6. Effects of NRG-1β on Oxidative Injury of the Diaphragm
	3.7. Effects of NRG-1β on Histological Conditions in the Diaphragm
	3.8. Effects of NRG-1β on Cell Apoptosis of the Diaphragm
	3.9. Effects of NRG-1β on the PI3K-Akt Signaling Pathway in the Diaphragm
	3.10. Effects of NRG-1β on ROS Production in the L6 Rat Skeletal Muscle Cells

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

