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Background: Diaphragm dysfunction and atrophy develop during prolonged 
controlled mechanical ventilation. Fiber atrophy has been attributed to activation 
of the proteasome and autophagy proteolytic pathways. Oxidative stress acti-
vates the proteasome during controlled mechanical ventilation, but it is unclear 
whether it also activates autophagy. This study investigated whether pretreat-
ment with the antioxidant N-acetylcysteine affects controlled mechanical ventila-
tion–induced diaphragm contractile dysfunction, fiber atrophy, and proteasomal 
and autophagic pathway activation. The study also explored whether proteolytic 
pathway activity during controlled mechanical ventilation is mediated by microR-
NAs that negatively regulate ubiquitin E3 ligases and autophagy-related genes.

Methods: Three groups of adult male rats were studied (n = 10 per group). 
The animals in the first group were anesthetized and allowed to spontaneously 
breathe. Animals in the second group were pretreated with saline before 
undergoing controlled mechanical ventilation for 24 h. The animals in the third 
group were pretreated with N-acetylcysteine (150 mg/kg) before undergoing 
controlled mechanical ventilation for 24 h. Diaphragm contractility and activa-
tion of the proteasome and autophagy pathways were measured. Expressions 
of microRNAs that negatively regulate ubiquitin E3 ligases and autophagy-re-
lated genes were measured with quantitative polymerase chain reaction.

results: Controlled mechanical ventilation decreased diaphragm twitch force 
from 428 ± 104 g/cm2 (mean ± SD) to 313 ± 50 g/cm2 and tetanic force from 
2,491 ± 411 g/cm2 to 1,618 ± 177 g/cm2. Controlled mechanical ventilation 
also decreased diaphragm fiber size, increased expression of several autophagy 
genes, and augmented Atrogin-1, MuRF1, and Nedd4 expressions by 36-, 41-, 
and 8-fold, respectively. Controlled mechanical ventilation decreased the expres-
sions of six microRNAs (miR-20a, miR-106b, miR-376, miR-101a, miR-204, 
and miR-93) that regulate autophagy genes. Pretreatment with N-acetylcysteine 
prevented diaphragm contractile dysfunction, attenuated protein ubiquitination, 
and downregulated E3 ligase and autophagy gene expression. It also reversed 
controlled mechanical ventilation–induced microRNA expression decreases. 
N-Acetylcysteine pretreatment had no affect on fiber atrophy.

Conclusions: Prolonged controlled mechanical ventilation activates the 
proteasome and autophagy pathways in the diaphragm through oxidative 
stress. Pathway activation is accomplished, in part, through inhibition of 
microRNAs that negatively regulate autophagy-related genes.
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Mechanical ventilation is a common medical pro-
cedure used for the maintenance of adequate gas 

exchange. Despite being indispensable, controlled mechan-
ical ventilation results in complications that give rise to 
a pathology known as ventilator-induced diaphragm dys-
function1 that is characterized by contractile dysfunction of 
the diaphragm, diaphragm fiber atrophy, and loss of myo-
filament proteins.2–4 Ventilator-induced diaphragm dys-
function has been successfully reproduced in experimental 
animals.5–7

Controlled mechanical ventilation–induced diaphragm 
atrophy has been attributed to both decreased protein syn-
thesis and increased protein degradation by the proteasomal, 
calpain, caspase-3, and autophagic proteolytic pathways.8 
Activation of these pathways during prolonged controlled 

editOr’S PerSPeCtiVe

What We Already Know about This Topic

• Diaphragm dysfunction and atrophy develop during controlled 
mechanical ventilation. Although oxidative stress injures muscle 
during controlled mechanical ventilation, it is unclear whether it 
causes autophagy or fiber atrophy.

What This Article Tells Us That Is New

• Pretreatment of rats undergoing 24 h of mechanical ventilation with 
N-acetylcysteine prevents decreases in diaphragm contractility, 
inhibits the autophagy and proteasome pathways, but has no influ-
ence on the development of diaphragm fiber atrophy.
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mechanical ventilation has been attributed to increased pro-
duction of reactive oxygen species.4,7,9,10 Administration of 
antioxidants protects against impaired diaphragm contrac-
tility7,11–13 and attenuates the activities of the proteasome, 
calpain, and caspase-3.5,7,11,13

It remains unclear, however, whether controlled mechan-
ical ventilation–induced oxidative stress per se activates 
autophagy in diaphragm muscle fibers or what effect admin-
istration of antioxidants has on the degree of controlled 
mechanical ventilation–induced autophagy produced. It is 
also unknown whether antioxidants alter the degree of fiber 
atrophy that develops during controlled mechanical venti-
lation because most published reports do not include mea-
surements of diaphragm fiber size. The first objective of the 
current study, therefore, is to determine how the antioxidant 
N-acetylcysteine affects contractile function, fiber atrophy, 
and proteasomal and autophagic pathway activation in dia-
phragm muscle fibers of rats undergoing 24 h of controlled 
mechanical ventilation. We hypothesize that controlled 
mechanical ventilation–induced increases in reactive oxygen 
species levels in the diaphragm simultaneously activate the 
proteasome and autophagy pathways and that administration 
of N-acetylcysteine before controlled mechanical ventilation 
attenuates pathway activity, thereby improving diaphragm 
contractile function and ameliorating fiber atrophy.

MicroRNAs are important epigenetic regulators of 
myogenesis and atrophy through their effects on the pro-
teasome proteolytic pathway.14 They are short noncoding 
RNA molecules that function primarily as inhibitors of 
gene and protein expression. The importance of microR-
NAs to the regulation of autophagy in skeletal muscles is 
unknown. Recent studies have identified several microR-
NAs in nonmuscle cells that target autophagy-related genes. 
For instance, miR-17, miR-20a, miR-30a, miR-101a, 
miR-106, miR-145, miR-204, miR-210a, and miR-376b 
have been shown to inhibit autophagy by selectively tar-
geting ULK1 (Unc-51 Like Autophagy Activating Kinase 
1), BECN1 (Beclin1), ATG4 (Autophagy Related 4a), 
LC3B (Microtubule Associated Protein 1 Light Chain 3 
Beta), BNIP3 (BCL2 Interacting Protein 3), and SQSTM1 
(Sequestosome 1).15-24 Furthermore, the expressions of mus-
cle-specific ubiquitin E3 ligases, Fbxo32 (F-Box Protein 32, 
Atrogin-1), and Trim63 (Tripartite Motif Containing 63, 
MuRF1) are downregulated by miR-23a.25 Recently, two 
microRNAs, miR-21 and miR-206, have been shown to 
promote denervation-induced muscle atrophy.26 The second 
objective of this study, therefore, is to determine whether 
N-acetylcysteine administration affects the expressions of 
specific microRNAs that regulate ubiquitin E3 ligases or 
autophagy-related genes in the diaphragms of rats undergo-
ing 24 h of controlled mechanical ventilation. We hypoth-
esize that increased expressions of ubiquitin E3 ligases 
and autophagy-related genes in the diaphragms during 
prolonged controlled mechanical ventilation is a result, in 
part, of selective downregulation of their corresponding 

microRNAs and that this response is mediated through the 
production of reactive oxygen species within diaphragm 
muscle fibers.

Materials and Methods
Experimental procedure and Study Design

Research protocols were approved by the Animal 
Experiments Committee of the Medical Faculty of 
Katholieke Universiteit, Leuven, Belgium. Adult male 
Wistar rats (400 to 500 g, 12 to 16 weeks old) were ran-
domly assigned to three groups of 10 animals: 1) sponta-
neously breathing anesthetized animals; 2) mechanically 
ventilated (24 h) animals pretreated with equal volumes of 
normal saline; and 3) mechanically ventilated (24 h) ani-
mals pretreated with 150 mg/kg N-acetylcysteine. The three 
groups of animals were examined in random order. An intra-
venous bolus of either normal saline or N-acetylcysteine was 
injected at the beginning of the study period, before start-
ing mechanical ventilation. N-Acetylcysteine dosages that 
have been previously shown to be effective in preventing 
diaphragm contractile dysfunction in rats11 and mice5 were 
used. Controlled mechanical ventilation was performed as 
previously described.27 Before being tracheostomized, ani-
mals were anesthetized with sodium pentobarbital (60 mg/
kg). The right external jugular vein and carotid artery were 
catheterized to allow for continuous infusion of sodium 
pentobarbital and heparin, respectively. Animals breathed 
O

2
-enriched humidified air maintained at 37°C. Controlled 

mechanical ventilation was applied with a volume-driven 
small-animal ventilator (tidal volume ± 0.5 ml/100g; breath-
ing frequency, 55 to 60 breaths/min). Body temperature 
was continuously measured and maintained at 37°C using 
a heated blanket. Arterial blood pressure was monitored, and 
blood gases were measured initially and after 12 and 24 h 
of controlled mechanical ventilation. No nutritional support 
was provided during the experimental period. After 24 h, the 
animals were euthanized with an overdose of pentobarbital, 
and segments of the costal diaphragm were removed to assess 
diaphragm contractility (see Diaphragm Contractility sec-
tion). A separate piece of the right diaphragm was used to 
determine cross-sectional area, minimum Feret diameter of 
muscle fibers, and fiber type distribution (see Muscle Fiber 
Atrophy section). The remainder of the diaphragm and the 
gastrocnemius muscle (representative of limb muscle, ana-
lyzed for comparative purposes) were frozen in liquid nitro-
gen and stored at −80°C.

Diaphragm Contractility

Diaphragm contractility was measured as previously 
described.28 In brief, diaphragm muscle bundle contractil-
ity was measured in vitro at 37°C using a temperature-con-
trolled organ bath and stimulating electrodes. Optimal 
muscle length (L

o
) for peak twitch force was established. 

Maximal tetanic force was measured at L
o
 with a stimulation 
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frequency of 160 Hz. The following measurements were 
performed at L

o
: 1) twitch characteristics (maximal twitch 

tension was obtained from one twitch stimulation [1 Hz]) 
and 2) maximal tetanic force (bundles were stimulated twice 
at 160 Hz, during 250 ms, with a 2-min interval). Each pulse 
had a duration of 0.2 ms. Tetanic force was taken as the maxi-
mal tension elicited at 160 Hz. Muscle force was normalized 
for bundle cross-sectional areas (obtained by dividing bundle 
weight by muscle specific density and optimal length).

muscle Fiber Atrophy

Diaphragm muscle samples frozen in liquid nitro-
gen-cooled isopentane were cut into 10-µm cross-sections 
and stained using a selective antibody for LAMININ pro-
tein (Supplemental Digital Content, http://links.lww.com/
ALN/C15). Images were captured using a microscope. 
Minimum Feret diameters of at least 600 fibers/muscle 
cross-section were measured by a single observer blinded 
to the identity of the samples. To assess whether diaphragm 
fiber atrophy is selective to a specific fiber type, diaphragm 
cross-sections were stained for myosin heavy chain type I, 
IIa, and IIb proteins (Supplemental Digital Content, http://
links.lww.com/ALN/C15). Minimum Feret diameters of 
each fiber type were measured by a single observer blinded 
to the identity of the samples.

Immunoblotting

Frozen diaphragm tissue samples were prepared for immu-
noblotting as previously described.29 Specific proteins were 
detected using an enhanced chemiluminescence kit and 
primary antibodies (Supplemental Digital Content, http://
links.lww.com/ALN/C15). Immunoblots were scanned 
with an imaging densitometer, and optical densities of pro-
tein bands were quantified.

protein Carbonylation

To detect the effects of mechanical ventilation and 
N-acetylcysteine administration on the development of 
oxidative stress, protein carbonylation was measured in the 
diaphragm as previously described30 (Supplemental Digital 
Content, http://links.lww.com/ALN/C15).

mrNA Detection

Total RNA from diaphragm samples and cultured murine 
C2C12 cells was extracted and prepared for real-time 
polymerase chain reaction detection of various transcripts 
(Supplemental Digital Content, http://links.lww.com/
ALN/C15). The primers were designed to quantify the 
expressions of specific mRNAs (Supplemental Digital 
Content, http://links.lww.com/ALN/C15). β-Actin served 
as an endogenous control transcript. Relative mRNA level 
quantifications of target genes were determined using the 
threshold cycle (ΔΔC

T
) method.

Ubiquitin–proteasome pathway measurements

Proteolysis by the proteasome system was evaluated by 
measuring total protein ubiquitination with immunoblot-
ting and by quantifying mRNA expressions of the ubiqui-
tin E3 ligases Fbxo32 (Atrogin-1), Trim63 (Murf-1), Nedd4 
(neural precursor cell-expressed developmentally down-
regulated protein 4), and Fbxo30 (Musa1) with quantitative 
polymerase chain reaction (Supplemental Digital Content, 
http://links.lww.com/ALN/C15).

Autophagy measurements

Autophagosomes develop via a cascade of tightly regulated 
steps from membrane commitment and elongation to final 
formation. The expressions of several autophagy-related 
genes were measured across this cascade using immunoblot-
ting and quantitative real-time polymerase chain reaction, 
as previously described.31,32

regulators of protein Synthesis and Degradation

To evaluate the activities of protein kinase B (AKT), mam-
malian target of rapamycin complex 1, and adenosine 
monophosphate (AMP)-activated protein kinase α, phos-
phorylation levels of AKT on Ser473, P70S6K1 (Ribosomal 
Protein S6 Kinase B1) on Thr389, and AMP-activated pro-
tein kinase α on Thr172, respectively, were measured using 
immunoblotting. P70S6K1 is a serine/threonine kinase 
that phosphorylates the ribosomal protein S6 and is down-
stream from mammalian target of rapamycin complex 1. 
Expressions of Foxo1 and Foxo3 transcription factors (tar-
gets of inhibitory effects of AKT) were also measured, using 
quantitative polymerase chain reaction.

microrNA Detection

Total RNA was extracted from frozen muscle samples and 
C2C12 cell lysates using Qiazol and a Qiagen (Germany) 
miRNeasy mini kit, according to the manufacturer’s proto-
cols. Mature microRNAs were detected using an NCode 
microRNA quantitative real-time polymerase chain reac-
tion kit and real-time polymerase chain reaction with spe-
cific primers (Supplemental Digital Content, http://links.
lww.com/ALN/C15), SYBR green, and a 7500 real-time 
polymerase chain reaction system. Relative microRNA 
expression was determined using the CT

 method, where C
T
 

values of individual microRNA data were normalized to 
C

T
 values of U6 snRNA, as previously described.33

myoblast Exposure to Hydrogen peroxide

To investigate the effects of reactive oxygen species on 
the regulation of autophagy-related genes and their cor-
responding microRNAs, murine C2C12 skeletal myo-
blasts were exposed to hydrogen peroxide. The cells were 
maintained in culture (Supplemental Digital Content, 
http://links.lww.com/ALN/C15) and exposed for 24 h to 
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phosphate-buffered saline (control condition) or hydrogen 
peroxide (100 µM). The cells were lysed, total RNA and 
proteins were extracted, and mRNA levels of selected auto-
phagy-related genes (Ulk1, Becn1, Atg4b, Bnip3, Lc3b, and 
Sqstm1) were detected using quantitative polymerase chain 
reaction, as were the levels of microRNAs that regulate 
their expression (Supplemental Digital Content, http://
links.lww.com/ALN/C15). Immunoblotting was used to 
detect lipidation of LC3B protein (LC3B-II protein inten-
sity) as an index of the degree of autophagosome formation.

Statistical Analyses

Statistical analyses were performed using a SAS Statistical 
package and SigmaStat software. Normal distribution was 
tested with a D’Agostino and Pearson omnibus normality 
test. All data are expressed as means ± SD except for mini-
mum Feret diameters of diaphragm muscle fibers, where data 
are presented using a box-and-whisker plot. Comparisons 
between the three experimental groups were performed using 
one-way ANOVA, followed by Tukey post hoc tests except 
for minimum Feret diameters. To compare minimum Feret 
diameters of diaphragm muscle fibers of the three groups, 
we performed a Kruskal–Wallis test for between-group com-
parisons, followed by Dunn’s post hoc tests and Bonferroni 
correction for multiple comparison. The number of rats per 
group required to identify differences in major physiologic 
parameters was estimated based on previous experience with 
this model, and there is no missing information from any of 
the reported data sets. No formal statistical power calculation 
was conducted. All statistical tests are two-tailed. Significance 
was established at P < 0.05.

results

Diaphragm Contractility

Diaphragm twitch force (313 ± 50 g/cm2) and maxi-
mum tetanic force (1,618 ± 177 g/cm2) were significantly 
lower in the mechanical ventilation groups as compared 
with the spontaneously breathing group (428 ± 104 and 
2,491 ± 411 g/cm2, respectively; fig. 1A). Administration of 
N-acetylcysteine in the mechanical ventilation-NAC group 
prevented controlled mechanical ventilation–induced dia-
phragm contractile dysfunction, as indicated by restoration 
of twitch (606 ± 69 g/cm2) and maximum tetanic forces 
(2,167 ± 234 g/cm2; fig. 1A).

Diaphragm Fiber Atrophy

Minimum Feret diameters of diaphragm muscle fibers were 
significantly lower in the mechanical ventilation group as 
compared with the spontaneously breathing group (fig. 1B). 
Decreases in the mechanical ventilation group were 
observed in all fiber types (Supplemental Digital Content, 
fig. 1, http://links.lww.com/ALN/C15). Minimum Feret 
diameters in the mechanical ventilation-NAC group were 

not significantly different from those of the mechanical 
ventilation group but were significantly lower than those 
of the spontaneously breathing group (fig.  1B). This was 
true for all fiber types (Supplemental Digital Content, fig. 
1, http://links.lww.com/ALN/C15).

protein Carbonylation

To assess the effects of controlled mechanical ventilation 
and N-acetylcysteine administration on protein oxidation 
as an index of oxidative stress, total carbonyl content in the 

Fig. 1. (A) peak diaphragm force generation in response to 
stimulation of 1 and 160 Hz in the group allowed to sponta-
neously breathe (Sb; n = 10), the group pretreated with saline 
before undergoing controlled mechanical ventilation for 24 h (mV; 
n = 10), and the group pretreated with N-acetylcysteine before 
undergoing controlled mechanical ventilation for 24 h (mV-NAC; 
n = 10), where n refers to the number of animals. The values are 
means ± SD. *P < 0.05, compared with the Sb group; #P < 0.05, 
compared with the mV group. Comparisons between the three 
experimental groups were performed using one-way ANOVA. (B) 
minimum Feret diameters of diaphragm muscle fibers in the Sb 
(n = 7), mV (n = 6), and mV-NAC (n = 6) groups. The data are 
presented using a box-and-whisker plot. *P < 0.05, compared 
with Sb group. Comparisons between the three groups were per-
formed using Kruskal–Wallis test followed by Dunn’s post hoc 
tests and bonferroni correction for multiple comparison.
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diaphragm was measured using immunoblotting. Total pro-
tein carbonylation in the diaphragm of the mechanical ven-
tilation group significantly increased (1.99 ± 0.53-fold) as 
compared with the spontaneously breathing group (fig. 2). 
N-Acetylcysteine administration completely reversed con-
trolled mechanical ventilation–induced increases in dia-
phragm protein carbonylation (1.03 ± 0.15-fold; fig. 2).

proteasome pathway

Total protein ubiquitination (1.8 ± 0.3-fold) and Fbxo32 
(Atrogin-1; 36.1 ± 13.8-fold), Trim63 (MuRF1; 41.3 ± 
17.9-fold), and Nedd4 (8.4 ± 1.3-fold) mRNA expressions 
significantly increased in the diaphragms of the mechani-
cal ventilation group as compared with the spontaneously 
breathing group (fig. 3, A and B). N-Acetylcysteine admin-
istration completely reversed controlled mechanical ventila-
tion–induced increases in protein ubiquitination, attenuated 
mRNA expression increases of Fbxo32 (17.1 ± 6.7-fold) 
and Trim63 (15.5 ± 7.8-fold), had no effect on Nedd4 (8.6 ± 
1.2-fold), and led to decreased Fbxo30 (Musa1; 0.51 ± 0.09-
fold) mRNA levels in comparison with the spontaneously 
breathing and mechanical ventilation groups (fig. 3C).

Autophagy pathway

Ulk1 is an index of autophagy initiation; Beclin1 (Becn1) 
and Uvrag (UV Radiation Resistance Associated) are indi-
cators of the membrane nucleation process; Lc3b, Gabarapl1 
(γ-Aminobutyric Acid Type A Receptor Associated 
Protein Like 1) and Atg4b are indicators of autophagosome 

membrane elongation; and Bnip3, Sqstm1 (p62), and Park2 
are markers of mitophagy. mRNA expressions of Ulk1 
(13.9 ± 3.5-fold), Atg4b (4.9 ± 1.1-fold), Becn1 (5.9 ± 1.6-
fold), Gabarapl1 (11.2 ± 2.7-fold), Sqstm1 (14.2 ± 3.8-fold), 
Uvrag (4.3 ± 1.3-fold), and the transcription factors Foxo1 
(3.6 ± 1.3-fold) and Foxo3 (3.1 ± 0.6-fold) significantly 
increased in the diaphragms of the mechanical ventilation 
group as compared with the spontaneously breathing group 
(fig.  4A). N-Acetylcysteine administration attenuated the 
degree to which mechanical ventilation upregulated Ulk1, 
Atg4b, Garabarapl1, Sqstm1, and Foxo1 expressions but had 
no effect on controlled mechanical ventilation–induced 
increases in Becn1, Uvrag, and Foxo3 (fig. 4A).

Protein levels of BECN1, BNIP3, SQSTM1, and 
PARKIN were measured using immunoblotting, as was the 
lipidation of cytosolic LC3B protein (LCB3-I) to LC3B-II, 
which is incorporated into the autophagosome mem-
brane. LC3B-II protein intensity was used as an indicator of 
increasing incorporation into the membrane. LC3B-II (2.5 
± 0.8-fold), SQSTM1 (5.0 ± 0.9-fold), BECN1 (2.1 ± 0.4-
fold), BNIP3 (1.9 ± 0.3-fold), and PARKIN (3.6 ± 0.9-fold) 
protein levels in the diaphragm significantly increased in the 
mechanical ventilation group as compared with the sponta-
neously breathing group (fig. 4, B and C). N-Acetylcysteine 
administration attenuated the degree to which mechanical 
ventilation induced increases in LC3B-II (1.3 ± 0.2-fold), 
SQSTM1 (2.2 ± 0.9-fold), BNIP3 (0.9 ± 0.2-fold), and 
PARKIN (0.9 ± 0.4-fold) protein levels but had no effect 
on BECN1 levels (2.0 ± 0.6-fold; fig. 4, B and C).

Fig. 2. representative immunoblots and total optical density (OD) of protein carbonylation in the diaphragms by group; n = 5 per group, where 
n refers to the number of animals. The values are means ± SD. *P < 0.05, compared with the group allowed to spontaneously breathe (Sb); 
#p < 0.05, compared with the group pretreated with saline before undergoing controlled mechanical ventilation for 24 h (mV). Comparisons 
between the three experimental groups were performed using one-way ANOVA. mV-NAC, group pretreated with N-acetylcysteine before 
undergoing controlled mechanical ventilation for 24 h.

Copyright © 2019, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/131/3/605/532739/20190900_0-00028.pdf by guest on 13 M
arch 2024



CritiCal Care MediCine

610 Anesthesiology 2019; 131:605–18 moroz et al.

regulators of protein Synthesis and Degradation

Skeletal muscle protein synthesis is stimulated by several 
growth factors whose signaling pathways converge on the 
AKT and mammalian target of rapamycin complex 1 path-
ways. These pathways inhibit autophagy through inactiva-
tion of FOXO transcription factors and phosphorylation 
and inhibition of ULK134. Another important regulator of 
autophagy is the AMP-activated protein kinase pathway, 
which activates autophagy through phosphorylation and 
activation of ULK135. To evaluate mammalian target of 

rapamycin complex 1 and AMP-activated protein kinase 
α activities, the phosphorylation of AKT (Ser473), P70S6K1 
(Thr389), and AMP-activated protein kinase α (Thr172) were 
measured using immunoblotting. Relative to the sponta-
neously breathing group, phosphorylation levels of AKT 
(Ser473; 0.8 ± 0.3-fold) and AMP-activated protein kinase α 
(Thr172; 1.3 ± 0.4-fold) in the diaphragms of the mechanical 
ventilation group were similar, whereas P70S6K1 (Thr389; 
5.9 ± 2.4-fold) levels significantly increased (Supplemental 
Digital Content, fig. 2, http://links.lww.com/ALN/C15). 

Fig. 3. (A, B) representative immunoblots and optical densities (OD) of protein ubiquitination in diaphragms of the group allowed to sponta-
neously breathe (Sb), the group pretreated with saline before undergoing controlled mechanical ventilation for 24 h (mV), and the group pre-
treated with N-acetylcysteine before undergoing controlled mechanical ventilation for 24 h (mV-NAC). The values are means ± SD, expressed 
as fold from Sb values. *P < 0.05, compared with Sb group; #P < 0.05, compared with mV group. (C) mrNA expressions of Fbxo32 (F-box 
protein 32), Trim63 (Tripartite motif Containing 63, MuRF1), Nedd4 (Neural precursor Cell Expressed, Developmentally Down-regulated 
4), and Fbxo30 (F-box protein 30, Musa1)  in diaphragms of mV and mV-NAC groups (n = 6 per group), where n refers to the number of 
animals. The values are means ± SD, expressed as fold change from Sb group (dotted line). *P < 0.05, compared with the Sb group;  
#P < 0.05, compared with the mV group. Comparisons between the three experimental groups were performed using one-way ANOVA.
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N-Acetylcysteine administration had no effect on AKT or 
AMP-activated protein kinase α phosphorylation but elim-
inated controlled mechanical ventilation–induced increases 
in P70S6K1 phosphorylation (1.4 ± 0.8-fold; Supplemental 
Digital Content, fig 2, http://links.lww.com/ALN/C15).

microrNA Expression

Several microRNAs that regulate autophagy-related genes 
and ubiquitin ligases were detected in the diaphragms of the 
spontaneously breathing group. Their relative abundances 
differed markedly; miR-206-3p was the most abundant, and 
miR-101a-3p was the least abundant (Supplemental Digital 
Content, fig. 3, http://links.lww.com/ALN/C15). There were 

also differences in the abundance of a given microRNA in the 
diaphragm and gastrocnemius muscles (Supplemental Digital 
Content, fig. 4, http://links.lww.com/ALN/C15). MiR-20a 
(0.56 ± 0.11-fold), miR-106b-5p (0.61 ± 0.11-fold), miR-
376c-3p (0.36 ± 0.28-fold), miR-101a-3p (0.51 ± 0.32-fold), 
miR-204-5p (0.57 ± 0.28-fold), miR-93 to 5 (0.62 ± 0.12-
fold), and miR-206-3p (0.61 ± 0.13-fold) decreased in the 
mechanical ventilation group, whereas miR-21-5p (2.70 ± 
0.67-fold) increased, as compared with the spontaneously 
breathing group (fig. 5). No changes in microRNA expres-
sion were observed in the gastrocnemius muscle except for an 
increase in miR-210a-3p expression (2.41 ± 0.49-fold; fig. 6). 
N-Acetylcysteine administration had no effect on controlled 

Fig. 4. (A) mrNA expressions of Ulk1 (Unc-51 Like Autophagy Activating Kinase 1), Becn1 (beclin1), Atg4b (Autophagy related 4a), Bnip3 (bCL2 
Interacting protein 3), Sqstm1 (Sequestosome 1), Park2 (parkin), Uvrag (UV radation resistance Associated 1), Gabarapl1 (γ-Aminobutyric Acid 
Type A receptor Associated protein Like 1), Foxo1 (Forhead box O1), and Foxo3 (Forkhead box O3) in diaphragms of the groups pretreated with 
saline before undergoing controlled mechanical ventilation for 24 h (mV) and pretreated with N-acetylcysteine before undergoing controlled 
mechanical ventilation for 24 h (mV-NAC). (B, C) representative immunoblots and optical densities (OD) of LC3b-II, SQSTm1 (p62), bECN1, 
pArKIN, and β-ACTN proteins in diaphragms of mV and mV-NAC groups (n = 6 per group), where n refers to the number of animals. The values 
are means ± SD, expressed as fold change from the group allowed to spontaneously breathe (Sb; dotted line). *P < 0.05, compared with the Sb 
group; #P < 0.05, compared with the mV group. Comparisons between the three experimental groups were performed using one-way ANOVA.
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mechanical ventilation–induced decreases in miR-20a-5p, 
miR-204-5p, miR-93-5p, and miR-206-3p but eliminated 
decreases in miR-106b-5p, miR-376c-3p, and miR-101a-3p 
(fig. 5). N-Acetylcysteine administration had no effect on the 
controlled mechanical ventilation–induced increase in miR-
21-5p expression (fig. 5).

myoblast Culture and Exposure to Hydrogen peroxide

To evaluate whether autophagy-related genes and their cor-
responding microRNAs are regulated by reactive oxygen spe-
cies, cultured C2C12 murine myoblasts were exposed for 24 h 
to phosphate-buffered saline (control) or hydrogen peroxide 
(100 μM). Exposure to hydrogen peroxide (H

2
O

2
) resulted 

Fig. 5. microrNA expressions of various microrNAs that target autophagy-related genes and ubiquitin E3 ligases or that promote dener-
vation-induced skeletal muscle atrophy (mir-21-5p and mir-206-3p) in diaphragms of the groups pretreated with saline before undergoing 
controlled mechanical ventilation for 24 h (mV) and pretreated with N-acetylcysteine before undergoing controlled mechanical ventilation for 
24 h (mV-NAC; n = 6 per group), where n refers to the number of animals. The values are means ± SD, expressed as fold change from the 
group allowed to spontaneously breathe (Sb; dotted line). *P < 0.05, compared with Sb group. Comparisons between the three experimental 
groups were performed using one-way ANOVA.
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in an increase in the intensity of LC3B-II protein; upregula-
tion of the expressions of Ulk1 (4.3 ± 0.44-fold), Becn1 (2.91 
± 0.90-fold), Atg4b (1.86 ± 0.21-fold), Bnip3 (2.11 ± 0.44-
fold), Lc3b (5.52 ± 1.56-fold), and Sqstm1 (9.91 ± 2.21-fold); 
and downregulation of the expressions of miR-106b-5p 
(0.56 ± 0.29-fold), miR-376-3p (0.47 ± 0.21-fold), miR-
101a-3p (0.19 ± 0.16-fold), miR-204-5p (0.51 ± 0.23-fold), 
miR-210a-3p (0.57 ± 0.06-fold), and miR-145b-5p (0.48 ± 
0.02-fold; fig. 7). Hydrogen peroxide exposure did not affect 
miR-20a-5p, miR-93-5p, miR-30a-5p, or miR-17-5p lev-
els. We should emphasize that diaphragmatic levels of miR-
20a-5p, miR-93-5p, miR-30a-5p, and miR-17-5p in the 
mechanical ventilation-NAC group remained unchanged 
after N-acetylcysteine administration, suggesting that they 
were unaffected by reactive oxygen species.

discussion
This study demonstrates that prolonged controlled mechan-
ical ventilation affects the diaphragm by decreasing contrac-
tility, increasing fiber atrophy, inducing the proteasome and 
autophagy pathways, and decreasing expressions of several 
microRNAs that negatively regulate autophagy genes. It also 
establishes that the antioxidant N-acetylcysteine significantly 
improves contractility, attenuates induction of the protea-
some and autophagy pathways, and reverses decreases in the 
expressions of microRNAs that regulate autophagy genes.

Controlled mechanical Ventilation–induced Diaphragm 
Weakness

Oxidative stress is responsible for controlled mechanical 
ventilation–induced diaphragm contractile dysfunction and 
fiber atrophy.7,10,11,13,36 Our results indicating that adminis-
tration of N-acetylcysteine prevents controlled mechanical 
ventilation–induced diaphragm weakness are in accordance 
with these prior observations. Excessive reactive oxy-
gen species levels depress diaphragm contractility through 
direct oxidative damage to myofibrillar proteins, leading 
to decreased Ca2+ sensitivity.37 High reactive oxygen spe-
cies levels may also negatively affect diaphragm contrac-
tility during prolonged controlled mechanical ventilation 
through calpain activation, which leads to the degradation 
of cytoskeletal proteins that are crucial to the maintenance 
of sarcomere structure, resulting in sarcomere disruption 
and impairment of the muscle’s ability to generate force.38 
Matecki et al.39 have suggested that leaky ryanodine recep-
tors contribute to muscle weakness during prolonged 
mechanical ventilation. They reported that oxidative stress 
and β-adrenergic signaling are responsible for the depressed 
contractility that is associated with an array of ryanodine 
receptors complex alterations (oxidation, S-nitrosylation, 
Ser2844 phosphorylation, and depletion of calstabin1) that 
occur in the diaphragm in response to prolonged controlled 
mechanical ventilation.

Fig. 6. Expression of various microrNAs in rat gastrocnemius of the group pretreated with saline before undergoing controlled mechanical 
ventilation for 24 h (mV). The values are the means ± SD, expressed as fold change from the group allowed to spontaneously breathe (Sb; 
n = 9 per microrNA), where n refers to the number of animals. *P < 0.05, compared with the Sb group. Comparisons between the three 
experimental groups were performed using one-way ANOVA.

Copyright © 2019, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/131/3/605/532739/20190900_0-00028.pdf by guest on 13 M
arch 2024



CritiCal Care MediCine

614 Anesthesiology 2019; 131:605–18 moroz et al.

Controlled mechanical Ventilation–induced proteasome 
Activation

We found that pretreatment with N-acetylcysteine atten-
uates controlled mechanical ventilation–induced protein 
ubiquitination and upregulation of Fbxo32 and Trim63 and 
eliminates Foxo1 induction in the diaphragm. These find-
ings affirm that controlled mechanical ventilation–induced 
proteasome activation in the diaphragm is redox-dependent. 
They also demonstrate that reactive oxygen species regulate 
the expression of Foxo1 in the diaphragm during prolonged 
controlled mechanical ventilation but not that of Foxo3. 
Reactive oxygen species modulate FOXO transcriptional 
activities through posttranslational modifications, coregula-
tor interactions, subcellular localization, and stability.40

Recent studies have revealed important roles for 
microRNAs in the regulation of proteolytic pathways in 
muscle fibers. For example, miR-23a suppresses the expres-
sion of both Fbxo32 and Trim6325, and miR-23a transgenic 
mice are resistant to glucocorticoid-induced skeletal mus-
cle atrophy. In the current study, we found that miR-23a 
expression in the diaphragm was unaffected by prolonged 
controlled mechanical ventilation or N-acetylcysteine 
administration, suggesting that it was not responsible for the 
induction of Fbxo32 and Trim63 that was observed in the 
mechanical ventilation group.

In a previous study, our group demonstrated that Fbxo30 
expression is significantly induced in the limb muscles of 
septic mice.32 Fbxo30 expression is significantly induced in 

Fig. 7. protein, mrNA, and microrNA (mirNA) detection in C2C12 myoblasts exposed for 24 h to phosphate-buffered saline (pbS) or 
hydrogen peroxide (H2O2; 100 µm). (A) representative immunoblots of LCb3 and ACTIN proteins. (B) Optical densities (OD) of LC3b-II protein 
intensity (n = 6/group). (C) mrNA expressions of Ulk1, Becn1, Atg4b, Bnip3, Lc3b, and Sqstm1 (n = 6/group). (D) microrNA expressions of 
various microrNAs that target autophagy-related genes (n = 6/group). n refers to the number of cell culture wells. The values in (C) and (D) 
are means ± SD, expressed as fold change from pbS (dotted lines). *P < 0.05, compared with pbS. Comparisons between the three experi-
mental groups were performed using one-way ANOVA.

Copyright © 2019, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/131/3/605/532739/20190900_0-00028.pdf by guest on 13 M
arch 2024



 Anesthesiology 2019; 131:605–18 615

Oxidants and Ventilator-induced Diaphragm Dysfunction

moroz et al.

the muscles of mice when bone morphogenetic protein sig-
naling is inhibited, leading to muscle atrophy.41 These results 
suggest that normal bone morphogenetic protein signaling 
inhibits Fbxo30 expression. In the current study, Fbxo30 
expression in the diaphragm was unaffected by prolonged 
controlled mechanical ventilation but was attenuated by 
N-acetylcysteine, suggesting that reactive oxygen species 
are involved in the regulation of basal levels of Fbxo30 pos-
sibly through Smad4 inhibition.42

Controlled mechanical Ventilation–induced Autophagy 
Activation

We report here that prolonged controlled mechanical ven-
tilation induces autophagy in the diaphragm, as evidenced 
by increased LC3B lipidation and the induction of several 
autophagy-related genes. These results are in agreement 
with previous studies in humans and animals undergoing 
prolonged controlled mechanical ventilation.2,5,31 Without 
autophagic flux measurements, it remains unclear as to 
how N-acetylcysteine affects autophagy in the diaphragm 
during prolonged controlled mechanical ventilation. Based 
on reports that suggest that reactive oxygen species stimu-
late autophagy by activating HIF-1, FOXO, p53, and NRF2 
transcription factors and through posttranscriptional events 
such as endoplasmic reticulum stress, oxidized protein accu-
mulation, and mitochondrial dysfunction,43,44 one interpre-
tation could be that N-acetylcysteine attenuates autophagy 
by eliminating reactive oxygen species-induced stimulation 
of autophagosome formation. This theory is supported by 
our observations that N-acetylcysteine attenuates LC3B 
lipidation and decreases the expressions of several autopha-
gy-related genes (fig. 4) and by the observations of Smuder 
et al.,45 who recently showed that reactive oxygen species 
increase the expressions of several autophagy genes in the 
diaphragms of rats undergoing controlled mechanical ven-
tilation for 12 h.

An alternative interpretation is that reactive oxygen spe-
cies levels in the diaphragm increase in response to prolonged 
controlled mechanical ventilation and inhibit autoph-
agy by specifically targeting autophagosome formation. 
N-Acetylcysteine administration restores autophagy back to 
control levels. This theory is supported by observations made 
in pulmonary epithelial cells that excessive reactive oxygen 
species levels inhibit autophagy.46 It should be pointed out; 
however, that reactive oxygen species-induced inhibition 
of autophagy in that study was associated with significant 
decreases in LC3B lipidation and SQSTM1 protein accu-
mulations. In our study, prolonged controlled mechanical 
ventilation triggered significant increases in LC3B lipida-
tion and enhanced SQSTM1 transcription (fig.  4). Based 
on these findings, we suggest that increased reactive oxygen 
species levels stimulate rather than inhibit autophagy in the 
diaphragm in response to prolonged controlled mechanical 
ventilation. Future studies involving autophagic flux mea-
surements are warranted to confirm this.

The role of autophagy in controlled mechanical ventila-
tion–induced diaphragm weakness remains unclear. Smuder 
et al.45 suggested that autophagy significantly contributes to 
the development of ventilator-induced diaphragm dysfunc-
tion through a positive feedback loop, whereby reactive oxy-
gen species production stimulates autophagy in diaphragmatic 
muscle fibers, and this enhanced autophagy causes further 
reactive oxygen species production by selectively degrading 
antioxidant proteins such as catalase. Based on this theory, it 
is possible that the mechanism by which N-acetylcysteine 
administration prevents controlled mechanical ventilation–in-
duced diaphragm weakness is by attenuating autophagy. It 
is also possible that enhanced autophagy is a compensatory 
adaptive response designed to recycle dysfunctional mito-
chondria and protein aggregates and that once reactive oxy-
gen species levels are reduced by N-acetylcysteine, activation 
of autophagy is no longer necessary.

Recent studies suggest that autophagy is inhibited by 
specific microRNAs that selectively target genes that are 
involved in various steps of autophagosome formation and 
in mitophagy. For instance, ULK1 is targeted by miR-
17, miR-20a, and miR-106b15,22; BECN1 is targeted by 
miR-376, miR-17, and miR-30a16,17,23; ATG4 is targeted 
by miR-101a and miR-37616,18; SQSTM1 is targeted by 
miR-17, miR-106b, and miR-9324; LC3 is targeted by 
miR-20419; and BNIP3 is targeted by miR-145 and miR-
210a.20,21 These microRNAs have not yet been detected in 
skeletal muscles. We found that miR-20a-5p, miR-106b-5p, 
miR-376-3p, miR-101a-3p, miR-204-5p, and miR-93-5p 
expressions decreased in the diaphragms of the mechanical 
ventilation group (fig. 5), whereas expressions of their tar-
gets (Ulk1, Atg4b, BECN1, LC3B, and SQSTM1) increased. 
It is notable that the decreases in microRNA expression 
that we observed were selective to the diaphragm, because 
they were not detected in the gastrocnemius muscle of the 
same group.

Our study also reveals that N-acetylcysteine administra-
tion reversed decreases in miR-106b-5p, miR-376-3p, and 
miR-101-3p expression, suggesting that endogenous reac-
tive oxygen species exert a negative effect on this particular 
group of microRNAs. This was confirmed in C2C12 cells 
where exposure to hydrogen peroxide triggered significant 
downregulation of several microRNAs that regulate auto-
phagy-related gene expression (fig.  7). The mechanisms 
through which reactive oxygen species regulate microRNA 
levels are complex and are involved in several steps of 
microRNA biogenesis, including transcription, DNA 
methylation, histone modification, and Drosha and Dicer 
enzyme processing.47 Identification of the precise mecha-
nisms through which N-acetylcysteine alters microRNA 
expression in the diaphragm is beyond the scope of this 
study, but it is clear that at least some microRNAs that tar-
get autophagy-related genes are reactive oxygen species– 
responsive. By inhibiting the production of reactive oxygen 
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species, N-acetylcysteine administration interferes with 
reactive oxygen species–microRNA regulatory interactions.

 Soares et al.26 reported that miR-21 and miR-206 
induce muscle atrophy through selective targeting of tran-
scription factor YY1 and the translation initiator factor 
eIF4E3. In the current study, we found that miR-21-5p 
expression increased and miR-206-3p expression decreased 
in the diaphragm of the mechanical ventilation group 
but not in the gastrocnemius. We also demonstrated that 
N-acetylcysteine administration had no effect on controlled 
mechanical ventilation–induced changes in miR-21-5p 
and miR-206 expressions in the diaphragm. These results 
suggest that enhanced miR-21-5p expression might have 
contributed to controlled mechanical ventilation–induced 
diaphragm atrophy.

Controlled mechanical Ventilation–induced Diaphragm 
Atrophy

In our study, N-acetylcysteine administration did not pre-
vent controlled mechanical ventilation–induced diaphragm 
fiber atrophy despite attenuation of the proteasomal and 
autophagic pathways (fig.  1). It has been reported that 
antioxidants such as trolox or the peptide SS-31 prevent 
controlled mechanical ventilation–induced diaphragm 
atrophy by inhibiting the calpain, caspase, and proteasome 
pathways.7,9 In terms of the effects of antioxidants on con-
trolled mechanical ventilation–induced diaphragm fiber 
atrophy, the differences between our study and those using 
trolox or SS-31 may be due to a number of factors, includ-
ing the duration of controlled mechanical ventilation, the 
degree of diaphragm fiber atrophy induced by controlled 
mechanical ventilation, the nature of the antioxidants used, 
and the extent to which they inhibit proteolysis. It may 
be that N-acetylcysteine is not as efficient as trolox or 
SS-31 in attenuating mitochondrial reactive oxygen spe-
cies. In our experiments, animals underwent 24 h of con-
trolled mechanical ventilation. This duration triggers more 
severe diaphragm fiber atrophy than does 12 h of controlled 
mechanical ventilation, which was the duration used by 
other investigators. It is entirely possible that the preven-
tative capacities of N-acetylcysteine were only partial in 
our study because the controlled mechanical ventilation– 
induced atrophy that developed was quite severe.

Clinical studies in critically ill patients have revealed 
that antioxidant therapies significantly decrease the rate 
of respiratory failure,48 the duration of mechanical ven-
tilation,49,50 and the duration of intensive care unit stay.50 
Our study provides mechanistic insight into the ways in 
which antioxidants affect ventilatory muscle function 
under conditions of mechanical ventilation. We emphasize 
that antioxidant therapy may not affect the initial devel-
opment of ventilator-induced diaphragm fiber atrophy but, 
when present, significantly improves diaphragm contractile 
performance, attenuates induction of the proteasome and 
autophagy pathways, and reverses downregulation of some 

microRNAs that regulate autophagy-related genes inside 
diaphragm muscle fibers.

research Support

Supported by funds from the Canadian Institutes of Health 
Research  (Ottawa, Ontario, Canada), a 2015 European 
Respiratory Society Short-Term Research Training 
Fellowship (to Dr. Moroz), and a 2016 Canadian Institutes 
of Health Research Vanier Canada Graduate Scholarship (to 
J.-P. Leduc-Gaudet).

Competing Interests

The authors declare no competing interests.

Correspondence

Address correspondence to Dr. Hussain: Room EM2.2224, 
Research Institute of the McGill University Health Centre, 
1001 Décarie Boulevard, Montréal, Québec H4A 3J1, 
Canada. sabah.hussain@muhc.mcgill.ca. Information on 
purchasing reprints may be found at www.anesthesiology.org  
or on the masthead page at the beginning of this issue. 
Anesthesiology’s articles are made freely accessible to all 
readers, for personal use only, 6 months from the cover date 
of the issue.

references
 1. Vassilakopoulos T, Petrof BJ: Ventilator-induced dia-

phragmatic dysfunction. Am J Respir Crit Care Med 
2004; 169:336–41

 2. Hussain SN, Cornachione AS, Guichon C, Al Khunaizi 
A, Leite Fde S, Petrof BJ, Mofarrahi M, Moroz N, de 
Varennes B, Goldberg P, Rassier DE: Prolonged con-
trolled mechanical ventilation in humans triggers 
myofibrillar contractile dysfunction and myofilament 
protein loss in the diaphragm. Thorax 2016; 71:436–45

 3. Jaber S, Petrof BJ, Jung B, Chanques G, Berthet JP, Rabuel 
C, Bouyabrine H, Courouble P, Koechlin-Ramonatxo 
C, Sebbane M, Similowski T, Scheuermann V, Mebazaa 
A, Capdevila X, Mornet D, Mercier J, Lacampagne A, 
Philips A, Matecki S: Rapidly progressive diaphragmatic 
weakness and injury during mechanical ventilation in 
humans. Am J Respir Crit Care Med 2011; 183:364–71

 4. Levine S, Nguyen T, Taylor N, Friscia ME, Budak MT, 
Rothenberg P, Zhu J, Sachdeva R, Sonnad S, Kaiser 
LR, Rubinstein NA, Powers SK, Shrager JB: Rapid 
disuse atrophy of diaphragm fibers in mechanically 
ventilated humans. N Engl J Med 2008; 358:1327–35

 5. Azuelos I, Jung B, Picard M, Liang F, Li T, Lemaire C, 
Giordano C, Hussain S, Petrof BJ: Relationship between 
autophagy and ventilator-induced diaphragmatic dys-
function. Anesthesiology 2015; 122:1349–61

 6. Mrozek S, Jung B, Petrof BJ, Pauly M, Roberge S, 
Lacampagne A, Cassan C, Thireau J, Molinari N, Futier 

Copyright © 2019, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/131/3/605/532739/20190900_0-00028.pdf by guest on 13 M
arch 2024

mailto:sabah.hussain@muhc.mcgill.ca
www.anesthesiology.org


 Anesthesiology 2019; 131:605–18 617

Oxidants and Ventilator-induced Diaphragm Dysfunction

moroz et al.

E, Scheuermann V, Constantin JM, Matecki S, Jaber 
S: Rapid onset of specific diaphragm weakness in a 
healthy murine model of ventilator-induced diaphrag-
matic dysfunction. Anesthesiology 2012; 117:560–7

 7. Powers SK, Hudson MB, Nelson WB, Talbert EE, Min 
K, Szeto HH, Kavazis AN, Smuder AJ: Mitochondria-
targeted antioxidants protect against mechanical ven-
tilation-induced diaphragm weakness. Crit Care Med 
2011; 39:1749–59

 8. Powers SK, Wiggs MP, Sollanek KJ, Smuder AJ: 
Ventilator-induced diaphragm dysfunction: Cause and 
effect. Am J Physiol Regul Integr Comp Physiol 2013; 
305:R464–77

 9. Whidden MA, Smuder AJ, Wu M, Hudson MB, 
Nelson WB, Powers SK: Oxidative stress is required 
for mechanical ventilation-induced protease activa-
tion in the diaphragm. J Appl Physiol (1985) 2010; 
108:1376–82

 10. Picard M, Jung B, Liang F, Azuelos I, Hussain S, 
Goldberg P, Godin R, Danialou G, Chaturvedi R, 
Rygiel K, Matecki S, Jaber S, Des Rosiers C, Karpati 
G, Ferri L, Burelle Y, Turnbull DM, Taivassalo T, 
Petrof BJ: Mitochondrial dysfunction and lipid accu-
mulation in the human diaphragm during mechan-
ical ventilation. Am J Respir Crit Care Med 2012; 
186:1140–9

 11. Agten A, Maes K, Smuder A, Powers SK, Decramer M, 
Gayan-Ramirez G: N-Acetylcysteine protects the rat 
diaphragm from the decreased contractility associated 
with controlled mechanical ventilation. Crit Care Med 
2011; 39:777–82

 12. Hudson MB, Smuder AJ, Nelson WB, Wiggs MP, 
Shimkus KL, Fluckey JD, Szeto HH, Powers SK: Partial 
support ventilation and mitochondrial-targeted anti-
oxidants protect against ventilator-induced decreases in 
diaphragm muscle protein synthesis. PLoS One 2015; 
10:e0137693

 13. McClung JM, Van Gammeren D, Whidden MA, Falk 
DJ, Kavazis AN, Hudson MB, Gayan-Ramirez G, 
Decramer M, DeRuisseau KC, Powers SK: Apocynin 
attenuates diaphragm oxidative stress and protease acti-
vation during prolonged mechanical ventilation. Crit 
Care Med 2009; 37:1373–9

 14. Wang XH: MicroRNA in myogenesis and mus-
cle atrophy. Curr Opin Clin Nutr Metab Care 2013; 
16:258–66

 15. Wu H, Wang F, Hu S, Yin C, Li X, Zhao S, Wang J, Yan 
X: miR-20a and miR-106b negatively regulate auto-
phagy induced by leucine deprivation via suppression 
of ULK1 expression in C2C12 myoblasts. Cell Signal 
2012; 24:2179–86

 16. Korkmaz G, le Sage C, Tekirdag KA, Agami R, 
Gozuacik D: miR-376b controls starvation and mTOR 
inhibition-related autophagy by targeting ATG4C and 
BECN1. Autophagy 2012; 8:165–76

 17. Zhu H, Wu H, Liu X, Li B, Chen Y, Ren X, Liu CG, 
Yang JM: Regulation of autophagy by a beclin 1-tar-
geted microRNA, miR-30a, in cancer cells. Autophagy 
2009; 5:816–23

 18. Frankel LB, Wen J, Lees M, Høyer-Hansen M, Farkas 
T, Krogh A, Jäättelä M, Lund AH: MicroRNA-101 
is a potent inhibitor of autophagy. EMBO J 2011; 
30:4628–41

 19. Mikhaylova O, Stratton Y, Hall D, Kellner E, Ehmer 
B, Drew AF, Gallo CA, Plas DR, Biesiada J, Meller J, 
Czyzyk-Krzeska MF: VHL-regulated MiR-204 sup-
presses tumor growth through inhibition of LC3B-
mediated autophagy in renal clear cell carcinoma. 
Cancer Cell 2012; 21:532–46

 20. Wang F, Xiong L, Huang X, Zhao T, Wu LY, Liu ZH, 
Ding X, Liu S, Wu Y, Zhao Y, Wu K, Zhu LL, Fan M: 
miR-210 suppresses BNIP3 to protect against the 
apoptosis of neural progenitor cells. Stem Cell Res 
2013; 11:657–67

 21. Du Y, Li J, Xu T, Zhou DD, Zhang L, Wang X: 
MicroRNA-145 induces apoptosis of glioma cells by 
targeting BNIP3 and Notch signaling. Oncotarget 
2017; 8:61510–27

 22. Duan X, Zhang T, Ding S, Wei J, Su C, Liu H, Xu 
G: MicroRNA-17-5p modulates Bacille Calmette–
Guerin growth in RAW264.7 cells by targeting ULK1. 
PLoS One 2015; 10:e0138011

 23. Hou W, Song L, Zhao Y, Liu Q, Zhang S: Inhibition of 
beclin-1–mediated autophagy by microRNA-17-5p 
enhanced the radiosensitivity of glioma cells. Oncol 
Res 2017; 25:43–53

 24. Meenhuis A, van Veelen PA, de Looper H, van Boxtel 
N, van den Berge IJ, Sun SM, Taskesen E, Stern P, de Ru 
AH, van Adrichem AJ, Demmers J, Jongen-Lavrencic 
M, Löwenberg B, Touw IP, Sharp PA, Erkeland SJ: miR-
17/20/93/106 promote hematopoietic cell expansion 
by targeting sequestosome 1–regulated pathways in 
mice. Blood 2011; 118:916–25

 25. Wada S, Kato Y, Okutsu M, Miyaki S, Suzuki K, Yan 
Z, Schiaffino S, Asahara H, Ushida T, Akimoto T: 
Translational suppression of atrophic regulators by 
microRNA-23a integrates resistance to skeletal muscle 
atrophy. J Biol Chem 2011; 286:38456–65

 26. Soares RJ, Cagnin S, Chemello F, Silvestrin M, Musaro 
A, De Pitta C, Lanfranchi G, Sandri M: Involvement of 
microRNAs in the regulation of muscle wasting during 
catabolic conditions. J Biol Chem 2014; 289:21909–25

 27. Rácz GZ, Gayan-Ramirez G, Testelmans D, Cadot P, 
De Paepe K, Zádor E, Wuytack F, Decramer M: Early 
changes in rat diaphragm biology with mechanical ven-
tilation. Am J Respir Crit Care Med 2003; 168:297–304

 28. Gayan-Ramirez G, Testelmans D, Maes K, Rácz GZ, 
Cadot P, Zádor E, Wuytack F, Decramer M: Intermittent 
spontaneous breathing protects the rat diaphragm from 

Copyright © 2019, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/131/3/605/532739/20190900_0-00028.pdf by guest on 13 M
arch 2024



CritiCal Care MediCine

618 Anesthesiology 2019; 131:605–18 moroz et al.

mechanical ventilation effects. Crit Care Med 2005; 
33:2804–9

 29. Mofarrahi M, Sigala I, Guo Y, Godin R, Davis EC, 
Petrof B, Sandri M, Burelle Y, Hussain SN: Autophagy 
and skeletal muscles in sepsis. PLoS One 2012; 7:e47265

 30. Hussain SN, Mofarrahi M, Sigala I, Kim HC, 
Vassilakopoulos T, Maltais F, Bellenis I, Chaturvedi R, 
Gottfried SB, Metrakos P, Danialou G, Matecki S, Jaber 
S, Petrof BJ, Goldberg P: Mechanical ventilation-in-
duced diaphragm disuse in humans triggers autophagy. 
Am J Respir Crit Care Med 2010; 182:1377–86

 31. Maes K, Stamiris A, Thomas D, Cielen N, Smuder 
A, Powers SK, Leite FS, Hermans G, Decramer M, 
Hussain SN, Gayan-Ramirez G: Effects of controlled 
mechanical ventilation on sepsis-induced diaphragm 
dysfunction in rats. Crit Care Med 2014; 42:e772–82

 32. Stana F, Vujovic M, Mayaki D, Leduc-Gaudet JP, Leblanc 
P, Huck L, Hussain SNA: Differential regulation of the 
autophagy and proteasome pathways in skeletal mus-
cles in sepsis. Crit Care Med 2017; 45:e971–9

 33. Echavarria R, Mayaki D, Neel JC, Harel S, Sanchez V, 
Hussain SN: Angiopoietin-1 inhibits toll-like receptor 
4 signalling in cultured endothelial cells: Role of miR-
146b-5p. Cardiovasc Res 2015; 106:465–77

 34. Kim J, Kundu M, Viollet B, Guan KL: AMPK and 
mTOR regulate autophagy through direct phosphory-
lation of Ulk1. Nat Cell Biol 2011; 13:132–41

 35. Egan DF, Shackelford DB, Mihaylova MM, Gelino S, 
Kohnz RA, Mair W, Vasquez DS, Joshi A, Gwinn DM, 
Taylor R, Asara JM, Fitzpatrick J, Dillin A, Viollet B, Kundu 
M, Hansen M, Shaw RJ: Phosphorylation of ULK1 
(hATG1) by AMP-activated protein kinase connects 
energy sensing to mitophagy. Science 2011; 331:456–61

 36. Shanely RA, Zergeroglu MA, Lennon SL, Sugiura T, 
Yimlamai T, Enns D, Belcastro A, Powers SK: Mechanical 
ventilation-induced diaphragmatic atrophy is associated 
with oxidative injury and increased proteolytic activity. 
Am J Respir Crit Care Med 2002; 166:1369–74

 37. Andrade FH, Reid MB, Allen DG, Westerblad H: Effect 
of hydrogen peroxide and dithiothreitol on contrac-
tile function of single skeletal muscle fibres from the 
mouse. J Physiol 1998; 509:565–75

 38. Min K, Kwon OS, Smuder AJ, Wiggs MP, Sollanek KJ, 
Christou DD, Yoo JK, Hwang MH, Szeto HH, Kavazis 
AN, Powers SK: Increased mitochondrial emission 
of reactive oxygen species and calpain activation are 
required for doxorubicin-induced cardiac and skeletal 
muscle myopathy. J Physiol 2015; 593:2017–36

 39. Matecki S, Dridi H, Jung B, Saint N, Reiken SR, 
Scheuermann V, Mrozek S, Santulli G, Umanskaya A, 
Petrof BJ, Jaber S, Marks AR, Lacampagne A: Leaky 
ryanodine receptors contribute to diaphragmatic 

weakness during mechanical ventilation. Proc Natl 
Acad Sci U S A 2016; 113:9069–74

 40. Klotz LO, Sánchez-Ramos C, Prieto-Arroyo I, 
Urbánek P, Steinbrenner H, Monsalve M: Redox regu-
lation of FoxO transcription factors. Redox Biol 2015; 
6:51–72

 41. Sartori R, Schirwis E, Blaauw B, Bortolanza S, Zhao 
J, Enzo E, Stantzou A, Mouisel E, Toniolo L, Ferry A, 
Stricker S, Goldberg AL, Dupont S, Piccolo S, Amthor 
H, Sandri M: BMP signaling controls muscle mass. Nat 
Genet 2013; 45:1309–18

 42. Xiu D, Wang Z, Cui L, Jiang J, Yang H, Liu G: 
Sumoylation of SMAD 4 ameliorates the oxidative 
stress-induced apoptosis in osteoblasts. Cytokine 2018; 
102:173–80

 43. Scherz-Shouval R, Elazar Z: Regulation of autophagy 
by ROS: Physiology and pathology. Trends Biochem 
Sci 2011; 36:30–8

 44. Filomeni G, De Zio D, Cecconi F: Oxidative stress and 
autophagy: The clash between damage and metabolic 
needs. Cell Death Differ 2015; 22:377–88

 45. Smuder AJ, Sollanek KJ, Nelson WB, Min K, Talbert 
EE, Kavazis AN, Hudson MB, Sandri M, Szeto HH, 
Powers SK: Crosstalk between autophagy and oxida-
tive stress regulates proteolysis in the diaphragm during 
mechanical ventilation. Free Radic Biol Med 2018; 
115:179–90

 46. Luciani A, Villella VR, Esposito S, Brunetti-Pierri N, 
Medina D, Settembre C, Gavina M, Pulze L, Giardino 
I, Pettoello-Mantovani M, D’Apolito M, Guido S, 
Masliah E, Spencer B, Quaratino S, Raia V, Ballabio 
A, Maiuri L: Defective CFTR induces aggresome 
formation and lung inflammation in cystic fibrosis 
through ROS-mediated autophagy inhibition. Nat 
Cell Biol 2010; 12:863–75

 47. He J, Jiang BH: Interplay between reactive oxygen spe-
cies and microRNAs in cancer. Curr Pharmacol Rep 
2016; 2:82–90

 48. Giladi AM, Dossett LA, Fleming SB, Abumrad NN, 
Cotton BA: High-dose antioxidant administration 
is associated with a reduction in post-injury compli-
cations in critically ill trauma patients. Injury 2011; 
42:78–82

 49. Howe KP, Clochesy JM, Goldstein LS, Owen H: 
Mechanical ventilation antioxidant trial. Am J Crit 
Care 2015; 24:440–5

 50. Nathens AB, Neff MJ, Jurkovich GJ, Klotz P, Farver 
K, Ruzinski JT, Radella F, Garcia I, Maier RV: 
Randomized, prospective trial of antioxidant supple-
mentation in critically ill surgical patients. Ann Surg 
2002; 236:814–22

Copyright © 2019, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/131/3/605/532739/20190900_0-00028.pdf by guest on 13 M
arch 2024


