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Prevention and treatment

ventilator-induced diaphragm dysfunction (VIDD). VIDD is associated with higher rates of in-
hospital deaths, nosocomial pneumonia, difficulty weaning from ventilators, and increased
costs. Currently, appropriate clinical strategies to prevent and treat VIDD are unavailable,
necessitating the importance of exploring the mechanisms of VIDD and suitable treatment options
to reduce the healthcare burden. Numerous animal studies have demonstrated that ventilator-
induced diaphragm dysfunction is associated with oxidative stress, increased protein hydroly-
sis, disuse atrophy, and calcium ion disorders. Therefore, this article summarizes the molecular
pathogenesis and treatment of ventilator-induced diaphragm dysfunction in recent years so that it
can be better served clinically and is essential to reduce the duration of mechanical ventilation
use, intensive care unit (ICU) length of stay, and the medical burden.

1. Introduction

Mechanical ventilation (MV) is a life-saving intervention for respiratory support or airway protection, especially in surgical pro-
cedures and critical illnesses, and it is used by more than 15 million patients worldwide each year [1]. During controlled mechanical
ventilation (CMV), the external physical forces replace active diaphragmatic contractions for pulmonary gas exchange. The dia-
phragm, which is the primary respiratory muscle, loses its regular autonomous contraction ability and relaxation during CMV [2]. In
CMV, the diaphragm is completely unloaded and has no electrical activity. In contrast, under assisted mechanical ventilation (AMV),
the diaphragm retained some spontaneous respiration and permitted to intermittently activate the diaphragm during mechanical
ventilation. When resuming spontaneous breathing after a prolonged period of CMV, the diaphragm often has a weak contraction
ability, making it difficult to wean the patient from the ventilator. This condition occurs due to diaphragm fiber atrophy, inspiratory
muscle weakness, and contractile dysfunction during the MV process and is termed ventilator-induced diaphragm dysfunction (VIDD)
[3-6].

VIDD exerts a remarkable adverse effect on patient survival and prognosis and is a contributing factor of difficulty weaning the
patient from MV [7,8]. Critically ill patients are often comorbid with a variety of conditions such as infections, electrolyte disorders
and the use of neuromuscular blocking agents. All of these can lead to diaphragmatic weakness. More than 50 % of mechanically
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ventilated patients rapidly develop VIDD within 24 h of tracheal intubation, and its incidence is associated with prolonged ventilation
time, weaning difficulty, and reintubation rates [6,9,10]. Therefore, it is important to gain a detailed understanding of the molecular
mechanisms underlying VIDD to develop rational strategies to ameliorate this important clinical problem. Unfortunately, there is a
lack of an appropriate clinical measure for VIDD prevention and treatment. Therefore, a detailed understanding of the mechanisms of
VIDD and treatment options is essential to reduce the duration of MV use, intensive care unit (ICU) length of stay, and ICU mortality.
We herein present a review of the VIDD pathogenesis, particularly on mitochondrial reactive oxygen species (ROS) and oxidative
stress, activation of diaphragm protein hydrolase (calpain and caspase-3) activity, reduced protein synthesis, autophagy-lysosome
pathway, ubiquitin-proteasome pathway (UPP), disuse atrophy and remodeling of diaphragm fiber, calcium disorders, impaired en-
ergy metabolism, and other clinical factors (Fig. 1). The review also discusses preventive and therapeutic approaches for VIDD. There
are different effects on the diaphragm during fully controlled and partially assisted ventilation modes, and we focus this review on the
controlled ventilation mode.

2. Pathogenesis of VIDD
2.1. Mitochondrial ROS and oxidative stress

During prolonged MV, the diaphragm produces excessive amounts of ROS that exceed the body’s processing limits, which may lead
to oxidative damage to the diaphragm [11,12]. Theoretically, oxidative injury to the diaphragm is caused by the interaction between
several major oxidative production pathways. For example, superoxide production either by xanthine oxidase and nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase or by mitochondria can cause oxidative damage to the diaphragm during MV.
Superoxide production by NADPH oxidase and xanthine oxidase is not the main pathway of MV-induced diaphragmatic ROS pro-
duction, whereas superoxide production by mitochondria is the main source of diaphragmatic oxidative damage [13-16]. During MV,
the muscle loses its normal electrical activity, and calcium ions present in the sarcoplasmic reticulum (SR) leak into the cytoplasm and
mitochondria, thereby causing mitochondrial calcium overload, which affects the normal electron transport chain function of the
mitochondria, finally leading to increased ROS production [17,18]. Alternatively, the physiological negative thoracic pressure is
altered during MV, which reduces diaphragm blood perfusion. This ventilator-induced decline in diaphragmatic oxygenation promotes
hypoxia-induced generation of ROS in diaphragm muscle fibers [19]. Finally, during fully supported MV, the diaphragm remains
unutilized, and substrate overload and lipid deposition-induced hyperlipidemia and hyperglycemia induces the release of ROS from
the diaphragm [20,21]. Hydroxyl radicals (OH ), superoxide anions (O: ), and hydrogen peroxide (H20:) are common ions of
endogenous ROS; although each species has its own characteristics, all species are strong oxidants that can react with proteins and
unsaturated fatty acids in the organism, thereby participating in peroxidation reactions and causing damage to the organism [22].
Polyunsaturated fatty acids are the main components of biological membrane phospholipids, and oxygen radicals have a very high
affinity to several weak and unsaturated bonds of these fatty acids. On the one hand, free radicals covalently bind to enzymes and
receptors on the membrane and alter the activity of membrane components and their structure. On the other hand, sulfhydryl groups
on the membrane are oxidized, causing disruption of membrane movement processes and resulting in decreased membrane fluidity
and increased membrane fragility. Impaired ion exchange can occur between the cellular interior and exterior regions, degeneration of
the cell membrane, and changes in membrane permeability and fluidity, all of which affect the structure and function of the cell
membrane [23,24]. The generated oxygen radicals constantly oxidize proteins, causing changes in muscle structure and function and
decreasing calcium sensitivity of myofilaments [25,26].

Under normal respiratory conditions, only 1%-3% oxygen is generated in the body during mitochondrial oxidative phosphory-
lation to produce ROS [22]. In a healthy organism, the production and degradation of ROS should be maintained in the dynamic
equilibrium state. Catalase and superoxide dismutase (SOD) are the main ROS-scavenging enzymes in the body [27]. When the extent
of ROS production far exceeds the scavenging ability, or when the activity of ROS scavenging enzymes is inhibited, the dynamic
equilibrium is disturbed, resulting in oxidative stress injury in the body. Hyatt et al. [28] reported that the expression of
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Fig. 1. Schematic figure illustrating the signaling pathway implicated in VIDD development. There is the crossover between the various mecha-
nisms. VIDD, ventilator-induced diaphragm dysfunction.
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4-hydroxynonenal (4-HNE), a marker of hydrogen peroxide and oxidative damage, was significantly higher in the rat diaphragm than
in the control group at 12 h of MV, whereas the fiber cross-sectional area and muscle strength of the diaphragm muscle fibers of rats
receiving MV were lower than those in the control group. Powers et al. [29] reported a significant increase in levels of diaphragmatic
peroxides after 12 h of MV in rats. However, when mitochondria-targeted antioxidants were used, levels of peroxides were signifi-
cantly lower in the 12-h mechanically ventilated group than in the group without mitochondria-targeted antioxidants. In MV, ROS
production is greatly increased in the organism, and MV for 12 h leads to a substantial increase in mitochondrial ROS production in the
rat diaphragm, which also exhibits higher levels of oxidative damage and lower respiratory control rates (RCRs) [28]. Accumulating
evidence confirmed elevated levels of ROS in the diaphragm; thus, oxidative stress damage is a prerequisite for diaphragm dysfunction
[13,30]. But while most studies on mitochondrial oxidative stress during MV are based on animal experiments, several recent clinical
reports have found a different phenomenon. Van den Berg et al. [31]and Breuer et al. [32] found that increased oxidative stress and
significant mitochondrial dysfunction were not found in mechanically ventilated clinical patients. We believe that the differences
between animal and clinical studies may be due to the following reasons. Firstly, there is a difference in the target population, as
animal studies include rats, mice, rabbits, pigs, etc., which are still different from humans; secondly, animal experiments are mostly
conducted with healthy animals, whereas in clinical practice, patients requiring mechanical ventilation are often accompanied by a
variety of comorbidities (infections, electrolyte disorders, hormone use, multiorgan dysfunction, etc.); and thirdly, there is a difference
in the clinical characteristics, as the patients are often accompanied by different diseases and clinical features, which may also affect
the outcomes. Although VIDD development involves multiple mechanisms, the development of VIDD is closely related to the release of
mitochondrial ROS [33,34]. Mitochondria-derived ROS is a key upstream activator of many pathways in VIDD pathogenesis [35].
Furthermore, increased release of ROS activates enzymes associated with protein hydrolysis, including calpain and caspase, showing
marked activation of the lysosomal system and UPP, which can also regulate the activation of apoptotic proteins that together causes
protein hydrolysis [14,28,36-38]. This activation process may lead to mitochondrial damage and further drive ROS production, thus
creating a vicious cycle. Moreover, the generated ROS activates key autophagy genes, which induce apoptosis and protein hydrolysis,
leading to diaphragm atrophy [39]. Mitochondrial oxidative stress plays an important role in inducing abnormal protein catabolism
and promoting diaphragm atrophy. In conclusion, these findings suggest that a ventilator-induced increase in mitochondrial ROS
release is an upstream signal necessary for prolonged diaphragm atrophy and dysfunction during MV [34,38].

2.2. Protein hydrolase activation

The protein hydrolysis system in VIDD has been extensively studied in recent years. The occurrence of diaphragm atrophy during
prolonged MV is inextricably linked to the activation of protein hydrolases [40-42]. Oxidative stress, which is central to the patho-
genesis of VIDD, also plays an important role in the activation of catabolic pathways. Protein synthesis in the diaphragm decreases,
whereas protein catabolism increases during MV, resulting in diaphragm atrophy. Calpain plays an important role in skeletal muscle
homeostasis [43]. But calpain has a function in muscle beyond protein hydrolysis, and its absence can lead to muscular dystrophy [44].
Calpain and caspase are the main protein hydrolases. Calpain is a cysteine protease activated under various conditions and promotes
skeletal muscle depletion (e.g., prolonged disuse and sepsis), and calpain has long been known as a calcium-dependent protease that
can degrade muscle cytoskeletal proteins [45-47]. Like calpain, caspase-3 is a cysteine protease that can be activated intracellularly
through various signaling pathways. Caspase-3, a cysteine protease upregulated by oxidative load, increases calpain activity, upre-
gulates the expression of pro-apoptotic proteins, and causes endogenous apoptosis associated with mitochondrial abnormalities [48].
Calpain and caspase-3 can dissociate the actin-globulin complex, and calpain can degrade large amounts of muscle proteins, promoting
myofilament release and facilitating subsequent degradation of myogenic fibers [41,49].

Although several protein hydrolases are activated in the diaphragm during MV, activation of calpain and caspase-3 is essential for
MV-induced diaphragm atrophy [28,50]. Hyatt et al. [50] reported that specific inhibition of diaphragmatic calpain activity improved
diaphragm protein synthesis and reduced diaphragm atrophy. During MV, increased release of mitochondrial ROS can activate protein
hydrolases, and protein hydrolase activation can promote increased ROS production during prolonged MV. Whidden et al. [38] re-
ported that Trolox-mediated protection against MV-induced oxidative stress prevented calpain and caspase-3 activation in the dia-
phragm. Furthermore, avoidance of MV-induced oxidative stress not only reduced the activation of these proteases but also conferred
protection against MV-induced diaphragm muscle fiber atrophy and contractile dysfunction. The mechanism of ROS activation due to
proteases, which, some investigators believe may be that oxidants can increase cytoplasmic calcium levels and trigger signaling
pathways that activate calpain, has not been conclusively demonstrated. Evidence suggests that MV-induced mitochondrial
dysfunction can be successfully avoided by inhibiting calpain activation, preventing MV-induced mitochondrial uncoupling (i.e., a
decrease in RCR, and suppressing MV-induced increases in mitochondrial ROS release [28]. The pathophysiological alterations in
VIDD are mainly imbalance in protein homeostasis, i.e., decreased protein synthesis and increased protein hydrolysis in the dia-
phragm, wherein calpain and caspase-3 play an essential role.

2.3. Autophagy

Autophagy is a normal physiological catabolic process that primarily involves the lysosomal degradation of cytoplasmic proteins
and organelles. In general, autophagy occurs continuously at low levels in the muscle tissue and involves the lysosomal degradation of
cytoplasmic proteins and organelles, which is vital for maintaining the breakdown of dysfunctional cellular components [51]. During
prolonged MV, the diaphragm of rodents and humans activates autophagy, as evidenced by increased expression of autophagic
proteins and the formation of autophagic vesicles [52]. In VIDD, autophagy is a double-edged sword. Theoretically, depending on the
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conditions, accelerated autophagy can have either protective or detrimental effects on the skeletal muscle [39]. Particularly, basal
levels of autophagy are required for normal muscle function, and deletion of specific autophagy genes can result in significant
functional defects. However, autophagy may be significantly upregulated under pathological conditions to accelerate the removal rate
of harmful proteins. Increased autophagy induced by MV can, on the one hand, remove damaged organelles and exert a protective
effect on the organism; on the other hand, it can promote diaphragm atrophy by eliminating normal structural and cytoplasmic
proteins in muscle fibers. Prolonged MV activates autophagy in the diaphragm, but the role of autophagy in MV has been interpreted
differently in different studies, probably because of the use of different animal models, duration of ventilation, and interventions [14,
52].

Furthermore, evidence suggests that levels of autophagy biomarkers are increased in rodent diaphragms after 8-18 h of full MV
support and that MV prolongation increases the expression of essential autophagy proteins (e.g., ATG5, ATG7, and beclin 1) and the
number of autophagosomes [39,53]. This was manifested by the upregulated expression of the microtubule-associated protein 1 light
chain 3B-II/microtubule-associated protein 1 light chain 3B-I (LC3B-II/I) ratio and a significant increase in autophagosomes [39,54].
MV prolongation activates autophagy in the diaphragm, and accelerated autophagy is a pivotal contributor to VIDD, possibly because
of increased ROS production. The current study suggests that MV-induced mitochondrial ROS production is necessary for increases in
the expression of crucial autophagic proteins in the diaphragm. Smuder et al. [14] reported that administration of the
mitochondria-targeted antioxidant peptide SS-31 prevented both MV-induced expression of autophagy-specific biomarkers and
increased autophagic vesicle formation within the diaphragm. Smuder et al. [14] reported that upregulation of autophagy increased
cellular ROS production by the action of degrading antioxidant enzymes. Conversely, autophagy inhibition reduced MV-induced ROS
production in the diaphragm and prevented the subsequent increase in oxidative stress—stimulated autophagy and suppressing further
increases in ROS production and autophagy, thus preventing the positive feedback loop. These results suggest the presence of a
regulatory crosstalk between oxidative stress and autophagy.

2.4. Ubiquitin-proteasome pathway

The UPP is involved in most of the life processes in the human body, wherein it regulates protein levels, including growth,
development, gene transcription, cell differentiation, and apoptosis. It is a very effective proteolytic pathway in vivo and plays a
regulatory role in many cellular metabolisms [55]. The UPP is the most critical and highly selective protein degradation pathway in all
eukaryotic organisms, and its specific E3 ligases, namely, atrogin-1 and MuRF1-1, are now widely used as markers of diaphragm fiber
atrophy [56,57]. The ATP-dependent UPP is involved in the degradation of myogenic fibronectin during MV [58]. The investigators of
one study measured 20S proteasome activity and mRNA and protein levels of two crucial muscle-specific E3 ligases (atrogin-1 and
MuRF-1) in the diaphragm during MV [59]. The results showed that MV prolongation significantly elevated the mRNA levels of
diaphragm muscle-specific ligases atrogin-1 and MuRF-1 in both groups [60]. Markers of the UPP were significantly upregulated in the
diaphragm of mechanically ventilated critically ill patients, as found by Ottenheijm et al. MuRF-1 knockout mice were protected from
diaphragmatic contractile weakness during mechanical ventilation [58].

However, animals treated with mitochondria-targeted antioxidants demonstrated significant blunting of the MV-induced elevated
mRNA levels of atrogin-1 and MuRF-1 in the diaphragm. A recent report noted increased expression of the E3 ubiquitin ligases MFAbx
and MURF-1 at both 12 and 24 h of mechanical ventilation [30]. Smuder et al. [49] [][][]reported that the UPP was active during 12 h
of MV and that MV animals treated with proteasome inhibitors had partially attenuated MV-induced decrease in diaphragm
contractility, which did not prevent MV-induced diaphragm fiber atrophy. Proteasome inhibitors partially protected the animals
against MV-induced diaphragm contractile dysfunction, but UPP activation was not a major contributor to VIDD during 12 h of MV.
Overexpression of the mitochondrial antioxidant enzyme SOD2 in the diaphragm partially reduced MV-induced increases in the mRNA
expression of the E3 ubiquitin ligase MuRF1 and atrogin-1 [37]. Formation of 4-HNE occurs during the lipid peroxidation cascade, and
detection of 4-HNE-modified protein adducts is an excellent biomarker of oxidative muscle damage. MV caused a significant increase
in the accumulation of 4-HNE-modified proteins in the diaphragm; however, treatment of animals with proteasome inhibitors failed to
inhibit MV-induced increase in oxidative damage in the diaphragm [49]. Therefore, it is speculated that ROS production may promote
the activation of the UPP, and conversely, there is no clear evidence of the effect of the UPP on oxidative stress.

2.5. Calcium ion disorders and impaired energy metabolism

Although the exact mechanism remains unclear, changes in intracellular calcium levels also appear to be essential in VIDD. Calcium
ions, as one of the intracellular second messengers, are involved in many physiological activities such as muscle contraction, main-
tenance of neuromuscular excitability, and heartbeat. In the normal innervated skeletal muscle tissue, cytosolic calcium levels are
tightly regulated by the electrical activity of the muscle [61]. The skeletal muscle has two calcium channels that regulate intracellular
calcium levels. Type I calcium channels (i.e., dihydropyridine channels) are highly expressed in the skeletal muscle and are located in
the transverse tubules [62]. These type I channels interact directly with the ryanodine receptor (RyR1) on the SR membrane [17].
Voltage-driven conformational changes in type I channels directly induce RyR1 activation and promote rapid release of calcium ions,
thereby triggering muscle contraction. After muscle contraction, the levels of cytoplasmic calcium ions are rapidly restored to the SR
through the ATPase calcium pump on the SR, causing muscle relaxation [18]. Thus, in healthy non-contracting muscles, cytoplasmic
calcium ions are maintained at low levels.

Sarcoplasmic RYR1 promotes the release of Ca®" ions required for contraction-coupling, and in the fully supported MV mode, the
diaphragm remains in a wasted state, and calcium ion leakage from the SR can be observed [17]. In humans and mice, MV rapidly
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remodels the RyR1 receptor on the SR membrane through oxidation, s-nitrosylation, and phosphorylation, all of which lead to
destabilization of the receptor complex, leakage of calcium ions, and the onset of diaphragm contractile dysfunction [63]. RYR1 of the
diaphragm has been remodeled to varying degrees in both human and animal models of MV, while further use of the RYR receptor
stabilizers effectively prevents VIDD, suggesting that remodeling of the RYR may be the appropriate mechanism underlying disruption
due to intracellular calcium ions [13,17]. Calcium leakage in the SR membrane reduces muscle contractile function and causes loss of
muscle mass after prolonged MV in mice [17]. It may also be interesting to investigate whether MV alters the function of the calcium
pump in the SR membrane because efficient intracellular calcium transport back to the SR is another critical factor in maintaining
muscle calcium homeostasis because, in addition to changes in calcium concentration, impairment of calcium sensitivity occurs by MV.
A calcium-sensitizing agent partially restores calcium activation in cells and alleviates VIDD partly [63]. The increase in the cyto-
plasmic calcium ions may have been due to the atrophy and protein hydrolysis component of VIDD. Calcium can directly activate
proteases of the calpain family, and elevated intracellular calcium levels are associated with autophagy, a possible condition un-
derlying diaphragm atrophy in VIDD [64].

Calcium ion leakage causes mitochondrial calcium overload, resulting in mitochondrial dysfunction and insufficient production of
adenosine triphosphate (ATP). Because of the inability to form ATP, the progressively higher electrical potential in the mitochondrial
membrane generates excessive ROS, and excessive ROS causes damage to mitochondrial DNA and exacerbates the reduction in the
number of mitochondria [65]. With 6 h of MV, mitochondrial fission-promoting kinetics-related proteins are activated in the mouse
diaphragm muscle, mitochondria undergo rapid fission, and mitochondria within contraction-related muscle fibers preferentially
undergo fission, suggesting that disruption of the balance between mitochondrial division and fusion may have also been a potential
factor in mitochondrial dysfunction [66]. At the same time, mitochondrial dysfunction that allows a surplus of metabolic substrates
such as fatty acids is one main reason for exacerbating mitochondrial dysfunction [20].

2.6. Diaphragm fiber atrophy and remodeling

Diaphragm fiber atrophy occurs due to decreased protein synthesis and increased proteolysis, and the proteolytic pathways of
autophagy lysosomes, calpain, caspase-3, and the UPP play essential roles in MV-induced diaphragm fiber atrophy (as described
above). A linear relationship exists between human diaphragm fiber atrophy and duration of ventilator use, with atrophy rates
averaging 6 % of daily CMV diaphragm thickness [67]. The cross-sectional area of all rat diaphragm fiber types (i.e., type I, type IIa,
and type IIx/b) decreases by 10%-15 % within 12 h of CMV control [28,50]. CMV-induced rat diaphragm fiber atrophy increases as
time progresses, and the reduction in fiber cross-sectional area approaches 30 % after 18-24 h of MV extension [68]. Shanely et al.
[69]. found that the number of type I and type II fibers decreased after 18 h since controlled MV in rats, and the fibers showed more
significant atrophy. Although it is difficult to directly compare MV-induced diaphragm fiber atrophy rates between human and animal
studies, the temporal pattern of MV-induced diaphragm fiber atrophy is similar between rats and humans, and diaphragm fiber at-
rophy occurred in both species within 24-48 h of MV initiation [70]. Ottenheijm et al. [58] found that the cross-sectional area of both
slow and fast muscle fibres was approximately 25 % smaller and contractility was reduced by more than 50 % in critically ill patients
undergoing mechanical ventilation. But in this clinical study, the duration of MV was inconsistent, ranging from as little as a few hours
to hundreds of hours. Without adequate prevention and treatment strategies, resting and inactive diaphragms may experience rapid
morphological and functional changes after prolonged MV, including accelerated protein degradation, muscle atrophy, and impaired
contractility. Many pathogenetic mechanisms underlying the damaging effects of MV on the diaphragm structure and contractility
have been demonstrated in animal and human studies of VIDD [71-73]. However, Larsson et al. [74] found no differences in dia-
phragm fibre structure (myosin heavy chain isoenzyme ratio, cross-sectional area and contractile protein content) between a porcine
ICU model and controls on day 5 of CMV. The reason why this result is different from that in the healthy rat model may still be related
to the difference in the study population. Notably, both partially supported MV and fully supported MV caused diaphragm fiber at-
rophy, although diaphragm fiber atrophy induced in partially supported MV occurred at a slower rate than that induced in fully
supported ventilation [75].

Myofiber remodeling involves changes in the expression of complex structures and muscle-specific proteins such as myosin heavy
chains, myogenic determinants (MYOD), and myogenin [76]. According to the myosin heavy chain isoforms in myosin molecules,
myofibers are classified as slow-contracting fibers (type I) and fast-contracting fibers (type II) [59]. During prolonged MV, myosin
heavy chain subtypes in the diaphragm appear as so-called hybrid fibers, which is a complex expression of type I and type II fibers in
the same muscle fiber, which is transformed from type I fibers. Larsson et al. [74] found a moderate loss of contractile proteins after
9-14 days of CMV treatment given to a porcine ICU model, with the loss of myosin being a uniformly distributed process within the
myofibres, and the ratio of myosin to actin being unaffected. In another of his clinical studies, progressive preferential myosin loss was
observed in patients with CMV in the ICU for up to 12 days. The myosin:actin ratio decreased from 2.0 at the first biopsy to 0.9 at the
final biopsy [77]. Changes in the ratio of myosin to actin have been found to be different in clinical studies and animal experiments.
The biggest reason for this may still be the differences in the study population and the existence of different clinical characteristics of
the patients. Belcastro et al. [78] showed changes in the expression of myogenic transcription factor regulatory proteins after 24 h of
controlled MV in rats, with an increase in the transcript level of diaphragm MYOD and a decrease in the expression of the myogenic
regulatory factor myogenin, both of which play an essential role in myofiber remodeling.

2.7. Other clinical factors

Unlike healthy animals undergoing mechanical ventilation, critically ill patients who are mechanically ventilated clinically are
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often comorbid with many complications. When diaphragmatic weakness is noted in mechanically ventilated patients, other comorbid
clinical factors should be considered in addition to the effects caused by mechanical ventilation. Consider first the presence of
endocrine and electrolyte disorders such as hypophosphatemia, hypomagnesemia, and hypocalcemia. These can also cause muscle
weakness. Chronic hyperglycemia, severe malnutrition, severe untreated renal failure, use of neuromuscular blocking agents, and
continued administration of high doses of corticosteroids may lead to decreased muscle strength in mechanically ventilated patients in
the ICU. In addition to this another cause of diaphragmatic dysfunction in mechanically ventilated patients is sepsis. Diaphragm
function due to sepsis is called sepsis-induced diaphragm dysfunction (SIDD). Many clinical studies have found that diaphragmatic
dysfunction is exacerbated in critically ill patients with co-infections. Infection is also one of the main causes of diaphragmatic
dysfunction in patients [79-82]. Li et al. [73] [1[][]1found that both sepsis and MV can cause diaphragm dysfunction, but MV affects
diaphragm function more. Demoule et al. [83] also found that prolonged MV exacerbated diaphragm dysfunction in septic rats.
Supinski et al. [80] also found in a clinical study that infection was a major contributor to diaphragmatic weakness in critically ill
patients. Many critically ill patients in the clinical setting have multiple infections throughout the body, and there are many similarities
in the mechanisms of SIDD and VIDD, which work together to cause diaphragmatic dysfunction.

3. Prevention and treatment measures
3.1. Reduction of oxidative stress injury

Oxidative stress is an essential pathophysiological process that causes VIDD, and antioxidants are a potential therapeutic measure.
An intravenous infusion of vitamin E analogs with antioxidant activity during MV can prevent VIDD through the reduction of oxidative
stress, protein hydrolysis, and contractile muscle dysfunction [33]. Additionally, N-acetylcysteine (NAC), a glutathione precursor, is an
alternative clinical agent with antioxidant potential. When controlled ventilated rats received 150 mg/kg of NAC, the NAC effectively
prevented oxidation of diaphragm proteins already present at an early stage in the diaphragm by exerting inhibitory effects on 20S
proteasome, caspase-3, and calpain activity, thereby eliminating ventilator-related abnormalities in diaphragm function [84]. As for
the beneficial effects of NAC, it possesses antioxidant properties of its own, dissolves emboli in the blood vessels, and increases blood
flow to the diaphragm. Similarly, the mitochondrial antioxidant SS-31 prevented diaphragm contractile dysfunction and inhibited
atrophy. Powers et al. [85] reported a significant increase in the levels of diaphragm peroxides after 12 h of MV in rats. However, when
mitochondria-targeted antioxidants were applied, significantly fewer peroxides were measured in the 12-h MV group than in the group
without mitochondria-targeted antioxidants. A clinical study also found that enterally administered antioxidants significantly reduced
the time to need MV support compared to placebo [86]. In addition to reducing oxidative load, antioxidants can modulate the
expression of genes involved in protein hydrolysis; for example, administration of high doses of vitamin E to animals attenuates the
expression of several proteases, such as caspase-3 and calpain. Mitochondrial oxidative stress is regulated by the signalling molecules
Smad 3, STAT3 and FoxO [87,88]. These drugs may act on molecules upstream of mitochondrial oxidative stress to achieve attenuation
of oxidative damage. Therefore, applying antioxidants during MV can help reduce oxidative stress-related damage to the diaphragm,
mitigate activation of the diaphragm protein hydrolysis system, and prevent diaphragm dysfunction.

However, the use of antioxidants may reduce the submaximal force [89]. This suggests the importance of low levels of ROS to gain
normal muscle strength and restore normal physiological processes. ROS production in the diaphragm during MV is several folds
higher than that in the normal diaphragmatic breathing, and excessive production of ROS exceeding the body’s limits leads to
oxidative stress and damage to the diaphragm [15,84]. Therefore, it is necessary to reduce ROS production and improve VIDD with the
use of appropriate antioxidants; conversely, if the ROS production is completely inhibited, then it may reduce diaphragm contractility.

3.2. Inhibition of protein hydrolysis

The protein hydrolysis system activated for various reasons during VIDD is an important therapeutic target. Protein hydrolysis is an
essential mechanism of diaphragm fiber atrophy. Disuse diaphragm atrophy is mainly caused by both decreased protein synthesis and
increased protein hydrolysis, of which increased protein hydrolysis is the leading cause. Therefore, inhibition of protein hydrolysis
during MV can effectively prevent diaphragm atrophy and muscle strength loss. Inhibition of autophagy with an AAV9-mediated
dominant negative Atg5 was shown to inhibit MV-induced muscle atrophy dysfunction in rat diaphragm [90]. Maes et al. [91]
administered a single intramuscular injection of leupeptinase (for inhibition of calpain or histoproteinase) at MV initiation, and this
compound prevented diaphragm fiber atrophy in rats and suppressed impairment of intrinsic contractility. The proteasome inhibitor
bortezomib was found to improve the function and atrophy of the quadriceps and diaphragm muscles in rats with heart failure in one
study, so we hypothesised that bortezomib might prevent VIDD [92]. However, the epoxymethyl peptide proteasome inhibitor could
not replicate the results [49]. This phenomenon may be attributed to the different protein hydrolysis systems. Research on these
protease inhibitors is limited to animal studies, and more studies are needed to confirm the findings clinically. Inhibition of protein
hydrolysis is essential to prevent diaphragm fiber atrophy; hence, protease inhibitors are also a future direction of treatment.

3.3. Drug treatment
3.3.1. Theophylline

Theophylline or aminophylline can relax airway smooth muscle, dilate bronchi, and enhance histone deacetylase-2, thus reducing
the generation of peroxynitrite radicals. Low-dose theophylline drip therapy in patients with VIDD significantly enhanced voluntary
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diaphragmatic movements, but further investigation is needed because the drug accumulation varies among individuals and may exert
adverse effects [93]. In another study, theophylline alleviated neonatal diaphragm fiber atrophy and restored the decrease in trans-
diaphragmatic pressure caused by resistance-loaded breathing, and it also promoted diaphragmatic perfusion by improving cardiac
output and providing diaphragmatic arterial vasodilation [94]. Molecular mechanisms of theophylline are as follows: @ Theophylline
can reduce the production of peroxynitrite radicals [95], which can mitigate diaphragmatic oxidative stress damage. @ In MV, the
physiological negative thoracic pressure becomes positive, cardiac output decreases, and diaphragmatic blood flow reduces.
Theophylline also facilitates diaphragmatic perfusion by improving cardiac output and providing vasodilation in diaphragmatic ar-
terioles [96]. ® During MV, many inflammatory factors (e.g., interleukin [IL]-6, IL-1B, and tumor necrosis factor-a) are activated.
Theophylline can also act as an anti-inflammatory agent by enhancing the action of IL-10 and blocking the translocation of the
pro-inflammatory transcription factor NF-kB [93].

3.3.2. Glucocorticoids

Glucocorticoids have antioxidant properties, and they benefit patients with VIDD [97]. Recent studies have investigated the
combined effects of high-dose corticosteroid treatment with partially and fully supported MV on diaphragm function in animals [98,
99]. Unfortunately, these studies have yielded different results. Animal studies demonstrated that a higher dose of methylprednisolone
during MV reduced the degree of type IIx/b fiber atrophy and myogenin depletion in the diaphragm, as evidenced by an upward
elevation of the diaphragmatic force-frequency curve. For example, Maes et al. reported that corticosteroids exerted a dose-dependent
effect on VIDD in rats during fully supported MV, with high doses of corticosteroids (i.e., 30 mg/kg) providing partial protection
against VIDD, whereas low doses of corticosteroids (i.e., 5 mg/kg) exacerbating VIDD [97]. By contrast, Sassoon et al. [100] reported
that a high dose of glucocorticoids (i.e., 60 mg/kg) did not confer protection against or exacerbate VIDD in rabbits during fully
supported MV, but this dose of glucocorticoids had deleterious effects on the diaphragm during partially supported MV. The differ-
ences found in these studies are unclear but may have been due to species differences in response to corticosteroids. How do gluco-
corticoids work? Glucocorticoids may control diaphragm muscle fiber atrophy during MV by inhibiting calpain activity and lipid
peroxidation and controlling diaphragmatic contraction force.

3.3.3. Angiotensin receptor blockers

Passive contraction of the diaphragm induced by MV causes higher mechanical stress in the diaphragm fibers, which results in
massive activation of the angiotensin II (Ang II) type I receptor on the diaphragm, leading to G-protein—coupled receptor signaling to
initiate oxidative stress-related signaling pathways [101]. Preventing the binding of Ang II to AT1R alone does not cure
ventilator-induced diaphragm injury, while the representative angiotensin II receptor blocker olmesartan directly inhibits the activity
of AT1Rs to prevent VIDD [102]. Olmesartan can block MV-induced upregulation of STAT3 signaling while attenuating oxidative
stress-related damage to diaphragm proteins by reducing mitochondrial uncoupling and inhibiting calpain and caspase-3 activity
[103]. The renin-angiotensin system is therefore considered a potential therapeutic target for VIDD.

3.3.4. Calcium sensitizer levosimendan

The calcium sensitizer levosimendan is a positive inotropic agent used in patients with chronic obstructive pulmonary disease who
have diaphragmatic dysfunction. It enhances diaphragm contractility by increasing the calcium sensitivity of contractile proteins [104,
105]. Muscle contraction requires the binding of troponin and calcium ions before the induction of downstream myofilament
contraction. The use of calcium sensitizers suggests that a less amount of calcium is needed to maintain the same magnitude of force
production, and the preparation can strongly promote diaphragmatic contractility. However, Roesthuis et al. [106] found that lev-
osimendan did not improve diaphragm contraction efficiency in critically ill patients in a clinical study. Zambelli et al. [107] found
that levosimendan did not improve diaphragm contraction efficiency in a rat model of VIDD, even though it preserved the muscle
cellular structure. The efficacy of levosimendan in the treatment of VIDD has not been conclusive, and the reasons for this conflicting
result are hypothesised as follows. Firstly, there may be differences in the clinical characteristics of the study population; secondly,
there are differences in the mode of administration (whether or not pre-administration as well as maintenance doses were given).
Although there are no definitive studies of the use of calcium sensitizers in patients with VIDD, levosimendan could be a promising
therapeutic agent.

3.3.5. The chaperone co-inducer BGP-15

Heat shock proteins (HSPs) are chaperone proteins whose expression is greatly induced in skeletal muscle in response to envi-
ronmental or metabolic stress [108]. Particularly, the 72 kDa HSP isoform (HSP72) is upregulated in response to exercise and heat
stress. Studies have shown that endurance exercise training prior to the start of MV can lead to a significant increase in diaphragmatic
HSP72 levels, sufficient to prevent VIDD [109,110]. The HSP72 co-inducer BGP-15 is a multitarget compound that fluidizes, yet
stabilizes, membranes. In a rat model, 10 days of BGP-15 treatment greatly improved diaphragm muscle fiber function (by about 100
%), although it did not reverse diaphragm atrophy [111]. Mnuskina et al. also found that BGP-15 was effective in ameliorating
structure-related dysfunction in VIDD [112]. Therefore, BGP-15 may provide an effective intervention strategy to reduce the incidence
of VIDD.
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3.4. Increase in diaphragm electrical activity

3.4.1. Ventilation mode/pattern selection

Increasing diaphragm muscle electrical activity/contraction during MV can ameliorate the development of VIDD. This has been
achieved both by the use of assisted modes of MV and by the induction of activity through electrical stimulation. Fully CMV mode was
more likely to induce ROS production in the diaphragm, even after eliminating all voluntary activities of the diaphragm, with a 7.5 %
daily reduction in diaphragm thickness, which was more significant at high-pressure support levels than at low-pressure support levels
[113]. Partially supported MV can prevent protease activation in the diaphragm, increased expression of UPP components, diaphragm
fiber atrophy, and reduced contractile function [114]. Goligher et al. [9]mentioned that if the patient maintains a certain inspiratory
effort during mechanical ventilation it might accelerate liberation from ventilation. Maintaining an appropriate level of inspiratory
muscle effort and reducing patient-ventilator asynchrony minimizes diaphragm fiber atrophy [115]. In general, with the CMV mode,
the diaphragm is completely unloaded and electrically inactive, making it susceptible to VIDD. In contrast, with the AMV mode, the
diaphragm retains some spontaneous respiration and allows for intermittent activation of the diaphragm during mechanical venti-
lation, and thus the incidence of VIDD is greatly reduced.

3.4.2. Phrenic nerve stimulation

In MV, a series of pathophysiological changes caused by a weakened contractile movement of the diaphragm is the main factor in
the development of diaphragmatic dysfunction. Phrenic nerve stimulation preserves diaphragm activity and has become a hot research
topic in VIDD prevention and treatment. Short-term temporary diaphragmatic pacing has a protective effect on diaphragmatic function
in patients on long-term MV. Diaphragmatic pacing can be performed through a transvenous phrenic nerve pacing system placed
percutaneously in the left subclavian vein [116]. The transvenous phrenic nerve stimulates inspiratory movements of the diaphragm,
thus reducing the support pressure required to reach the ideal tidal volume and facilitating early restoration of the patient’s ability to
breathe independently [117]. In addition, unilateral phrenic nerve stimulation in patients undergoing cardiothoracic surgery and
receiving MV increased the mitochondrial respiratory rate of the diaphragm on the stimulated side [118]. Phrenic nerve stimulation
preserves the contractile function of the rat diaphragm after 18 h of MV [119]. The study confirmed that pigs receiving transvenous
phrenic nerve pacing synchronized with MV had less diaphragm fiber atrophy than those receiving MV [120]. Therefore, using phrenic
nerve stimulation drugs or devices to preserve diaphragmatic contractile activity by stimulating the phrenic nerve may be a new
approach in VIDD treatment and prevention, but further studies are needed to demonstrate the safety and feasibility of phrenic nerve
stimulation.
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Fig. 2. This figure summarizes the interconnections between VIDD mechanisms, highlighting the important role of ROS as key upstream activating
molecules. ROS, reactive oxygen species; VIDD, ventilator-induced diaphragm dysfunction; UPP, Ubiquitin-proteasome pathway.



J. Zhang et al. Heliyon 9 (2023) 22317

3.5. Clinical care

Clinical care includes treating electrolyte imbalances and endocrine disorders including hypoalbuminemia, hypophosphatemia,
hypomagnesemia, hyperglycemia, severe untreated renal failure, and hypothyroidism, in addition to avoiding neuromuscular blocking
reagent overuse [42,72]. Malnutrition is common in patients receiving MV and associated with poor outcomes, including difficult
wound healing, nosocomial infections, and increased mortality [121]. Nutritional support is important; however, no standardized
protocol is available regarding the administration route, type of nutrients, and timing of nutrition support. Sepsis is also a major
contributor of diaphragmatic dysfunction. Therefore infection control is also an important clinical treatment measure in critically ill
patients. Several animal and clinical studies have suggested that adjusting sedation and ventilation mode/pattern to maintain
appropriate levels of inspiratory muscle effort and reduce patient-ventilator asynchrony may minimize diaphragm fiber atrophy [9,
115].

4. Discussion

This review summarizes the pathogenesis of VIDD occurrence during CMV and the main control measures. Mitochondrial oxidative
stress, as the central link in VIDD development, and ROS, a key upstream activator, play a crucial role in the activation of the protein
hydrolysis system, disruption of calcium ions, and activation of the cytokine system. Diaphragm fiber atrophy is associated with
increased protein hydrolysis, wherein protein hydrolase activation, autophagy, and UPP play a significant role. The pathophysiological
mechanisms are intricate, and the factors are intertwined and interact with each other, and numerous studies are still needed to explore
the modulating effects between them (Fig. 2). Mitochondrial oxidative stress is central to the pathophysiological mechanisms un-
derlying the development of VIDD. Excessive ROS production causes oxidative damage to cells in a series of reactions. Mitochondrial
dysfunction affects ATP production and is the main cause of diaphragm contractile dysfunction. The vicious cycle between oxidative
stress and mitochondrial dysfunction exacerbates VIDD development. Activation of the protein hydrolysis system is key to diaphragm
fiber atrophy and is one of the main mechanisms leading to diaphragm dysfunction. When oxidative stress is increased, genes asso-
ciated with protein hydrolysis, including E3 ubiquitin ligase MuRF1 and atrogin-1 and autophagy-related genes, are activated to
initiate protein hydrolysis pathways.Calcium ion disorders exacerbate mitochondrial dysfunction and activate calpain, causing an
increase in diaphragm protein hydrolysis.

However, critically ill patients often have multiple co-morbidities. The causes of diaphragmatic dysfunction also go beyond MV.
These studies in healthy animals did not take into account the influence of other risk factors in ICU patients, such as sepsis and
multisystem organ failure. Animal studies have demonstrated that VIDD is reversible which is not seen in ICU patients [122,123]. This
may be due to the fact that most of the animals in the animal experiments were healthy and only MV was a single factor affecting the
diaphragm. In contrast, patients in ICU may have multiple comorbidities such as sepsis and multi-organ dysfunction and are on
multiple therapeutic medications, which is the result of a combination of factors. It has been noted that chronic infections may lead to
persistent muscle weakness, in which case prolonged diaphragmatic weakness may occur even when off the ventilator [124]. Sepsis in
particular is also a major contributor to diaphragmatic dysfunction. Sepsis and MV are common causes of intensive care unit-acquired
weakness [125]. In addition, the review focused on complete control of mechanical ventilation, ignoring the effects of
patient-ventilator asynchrony and assisted mechanical ventilation. The mechanisms by which they cause damage to the diaphragm
and prevent it are questions that need to be addressed. The definitive diagnosis of VIDD in ICU patients is not accessible owing to the
presence of multiple confounding factors; in recent years, the use of ultrasound technology has provided great clinical assistance in
diagnosing VIDD.

There is no specific clinical treatment for VIDD. Current studies suggest that the use of antioxidants to inhibit oxidative stress,
reduce protein hydrolysis, and diaphragm fiber atrophy, as well as the application of some hormonal drugs may be potential treat-
ments. Increasing the activity of the diaphragm by phrenic nerve stimulation, rational selection of ventilator mode parameter mod-
ulation, and early weaning from mechanical ventilation are important methods to improve VIDD. Clinical care is also a key aspect.
Treating the patient’s underlying disease, correcting internal environmental stability, and maintaining nutritional balance are very
important steps in VIDD prevention and treatment.

In recent years, most of the publications on VIDD mechanism have focused on animal experiments owing to human ethical con-
straints. More research in the future should focus on the clinical setting to develop treatments and drugs suitable for application
clinically to patients with VIDD. Fortunately, with the development of noninvasive diaphragmatic ultrasound technology, a simpler
and noninvasive approach to diaphragm function measurement has become available, making more clinical studies on VIDD possible.

5. Conclusion

MV is commonly used for respiratory support in critically ill patients and diaphragmatic dysfunction is a common and serious
clinical problem. VIDD involves many interrelated mechanisms. Diaphragmatic dysfunction is also a result of multiple causative
factors. Much of the current research on therapeutic measures for VIDD is still focused on animal studies. More research is needed in
the future to find an approach that can be applied to clinically critical patients to reduce the incidence of VIDD.
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Abbreviations

VIDD Ventilator-induced diaphragm dysfunction

MV Mechanical ventilation

ROS Reactive oxygen species

SOD Superoxide dismutase

UPP Ubiquitin-proteasome pathway
RYR Ryanodine receptor

NAC N-acetylcysteine

MOS Mitochondrial oxidative stress
SR Sarcoplasmic reticulum
MYOD myogenic determinant

ATP Adenosine triphosphate

RCR respiratory control rate

ICU intensive care unit

NADPH nicotinamide adenine dinucleotide phosphate
4-HNE 4-Hydroxynonenal; IL-6: interleukin 6
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