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Abstract: Skeletal muscle dysfunction is frequently associated with chronic obstructive pulmonary
disease (COPD), which is characterized by a permanent airflow limitation, with a worsening respi-
ratory disorder during disease evolution. In COPD, the pathophysiological changes related to the
chronic inflammatory state affect oxidant-antioxidant balance, which is one of the main mechanisms
accompanying extra-pulmonary comorbidity such as muscle wasting. Muscle impairment is charac-
terized by alterations on muscle fiber architecture, contractile protein integrity, and mitochondrial
dysfunction. Exogenous and endogenous sources of reactive oxygen species (ROS) are present in
COPD pathology. One of the endogenous sources of ROS is represented by mitochondria. Evidence
demonstrated that vitamin D plays a crucial role for the maintenance of skeletal muscle health.
Vitamin D deficiency affects oxidative stress and mitochondrial function influencing disease course
through an effect on muscle function in COPD patients. This review will focus on vitamin-D-linked
mechanisms that could modulate and ameliorate the damage response to free radicals in muscle
fibers, evaluating vitamin D supplementation with enough potent effect to contrast mitochondrial
impairment, but which avoids potential severe side effects.
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1. Introduction

Chronic obstructive pulmonary disease (COPD) is a progressive lung disease, char-
acterized by an irreversible airflow limitation [1]. The airway alterations characterizing
COPD are obstructive bronchiolitis due to chronic inflammation of peripheral airways and
lung parenchyma and emphysema due to the collapse of the alveolar walls and expan-
sion of alveoli. Patients with severe COPD often exhibit overlapping pathologies such as
bronchiectasis, lung cancer, hypertension, cardiovascular disease, diabetes mellitus, and
osteoporosis [2]. Extra-pulmonary comorbidities also include skeletal muscle dysfunctions.
Airflow limitation in patients with COPD decreases the systemic oxygen supply, producing
a decline in the aerobic capacity of the type I muscle fibers with a consequent reduction
in muscle endurance and a further increase in physical fatigue [3]. Moreover, systemic
oxidative stress in patients with severe COPD reduces lower-extremity muscle strength,
impairing the functional capacity of locomotor muscles and the ability to perform normal
daily activities, such as walking or upright standing. In peripheral skeletal muscles of
COPD patients, enzymatic changes and mitochondrial abnormalities have been found [4].
Other muscular abnormalities include a gradual decline of the cross-sectional area, and
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modifications in the structure of the type of fibers switching from slow-oxidative to fast-
glycolytic fiber type [4,5]. As the disease progresses, in many patients, skeletal muscle
dysfunction can turn into sarcopenia or cachexia, both of which have been associated with
further increased disease severity and mortality risk [6]. Some studies have suggested the
importance of optimal vitamin D status on respiratory function, underlining that vitamin
D deficiency (VDD) might represent a marker of disease severity [7]. Meta-analysis studies
indicate that VDD is directly associated with a more severe disease and with an increased
rate of exacerbations and hospitalization [8,9]. Moreover, it has been reported that vita-
min D status is linked with muscle strength outcomes [10]. VDD eliciting mitochondrial
dysfunction, adenosine triphosphate (ATP) depletion, enhancement of reactive oxygen
species (ROS), and oxidative damage leads to muscle atrophy and compromised muscle
function [11]. However, several investigations showed that vitamin D supplementation
recovers lung function, reduces exacerbations, and improves inspiratory muscle strength
and maximal oxygen uptake [12,13]. It also improves physical performance, maximal
voluntary ventilation, and inspiratory pressure [14]. In the present review, we examine the
molecular mechanisms by which vitamin D has an impact on mitochondria oxidative stress
influencing disease course through an effect on muscle function in COPD patients.

2. Mechanisms Mediating Muscular Wasting in COPD Patients

In developed countries, most COPD cases are due to cigarette smoking, biomass smoke,
and additional environmental pollutants [1]. Carbon monoxide and nicotine damage the
endothelium of blood vessels, allowing the adhesion and accumulation of fat in the blood.
As a consequence, blood circulation gradually degenerates, and insufficient oxygenation
depletes cellular metabolism releasing minor, macro-, and micronutrients to the cells.
Altered pulmonary ventilatory mechanics in patients with COPD can further reduce the
systemic oxygen supply, producing a decrease in the aerobic cellular metabolism and
muscle strength, increasing physical fatigue [15]. Less oxygen distribution to skeletal
muscle tissue generates peripheral muscle dysfunction, characterized by reduced muscle
strength and subsequent diminished exercise propensity in COPD. Peripheral fatigue
leads to progressive muscle disuse with crucial muscle fiber transformations. As muscle
activation reduces, the typical tonic activation of the slow motor units, innervating type I
fibers, changes into a more intermittent discharge, with significant modification of cellular
functions. In fact, a prolonged period of phasic activity applied to oxidative myofibers
normally induces oxidative enzymatic reduction, mitochondrial abnormalities, and an
increase in myosin heavy chains. As a result, there is a transformation of type I muscle
fibers into fatigable type IIx fast-twitch glycolytic fibers [15]. These muscle fiber shifts
further increase muscle fatigability, leading to the spiral of progressive inactive lifestyles
degenerating into muscle weakness and atrophy [16]. In COPD patients, the impairment
in lower limb muscle groups leads to deficits in biomechanical constraints; the balance
is altered by anticipatory postural adjustments and motor task transitions [17,18]. Along
with adaptations to reduced postural control, they also have slower walking speed with a
reduced step length and increased time spent in double support [19]. Muscle dysfunctions
in COPD patients are paralleled by the reduction in passive viscoelastic tension produced
by the muscular articular system [20]. This finding suggests that disuse may also affect
the passive components included in muscles and joints, contributing to the severe motor
task alterations associated with COPD linked to muscle dysfunctions [21]. In addition
to decreased physical activity, other causes facilitate muscle wasting in COPD including
systemic inflammation, oxidative stress, hypoxia, and nutritional depletion [22]. Muscle
dysfunction frequently occurs before disease development. This can be considered an index
of mortality rate in patients with COPD not negligible compared to lung function [23].

3. Vitamin D Metabolism and Biological Function in the Muscle

Vitamin D is a fat-soluble steroid prohormone crucial for calcium homeostasis and
bone metabolism [24]. To become active, vitamin D is subjected to two hydroxylation reac-
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tions that take place principally in the liver and kidneys [25]. 1&,25(0OH), D3 plasma level
is regulated by CYP24A1 (cytochrome P450 family 24 subfamily A member 1) and CYP27B1
(cytochrome P450 family 27 subfamily B member 1). The excess 1«,25(0OH), D3 is regulated
by the CYP24A1 enzyme which inactivates the hormone in 24,25-Dihydroxycholecalciferol
(1o,24,25(0OH)3 D3). Conversely, CYP27B1 allows the conversion of 25(OH)D in 1«,25(0OH),
D3 [25]. This conversion occurs mostly in the kidney and in all those cells/tissues express-
ing the CYP27B1 including homeostatic skeletal muscle fibers, in both C2C12 myoblasts
and whole mouse muscle [26]. CYP27B1 is an important regulator of the calcium and
phosphate homeostatic systems. It is induced by the parathyroid hormone (PTH), low Ca?*,
and low PO~ levels [27]. 1,25(OH),D synthesis is induced by the parathyroid hormone
(PTH), whereas calcium decreasing PTH directs negative feedback from 1,25(OH),D to
PTH [28].

The active metabolite 1,25(OH),D modulates the expression of many genes by binding
to its nuclear receptor, the vitamin D receptor (VDR) exerting diverse biological effects
through genomic and non-genomic activities [29]. Moreover, the vitamin d/VDR complex
binding the retinoid X receptor (RXR) forms a VDR-RXR heterodimer which, interacting
with genomic vitamin D response elements (VDREs), regulates gene transcription [29]. In
humans, the vitamin D system has been shown to be present more in precursor cells than in
adult skeletal muscle [30]. Much evidence in the last few decades indicates that vitamin D is
involved in skeletal muscle development and regeneration [25]. Moreover, VDR expressed
in skeletal muscle induces the synthesis of muscle protein and is required to maintain
muscle volume [31]. The addition of 1,25(0OH),;D to C2C12 myoblasts increases VDR
expression, decreases cell proliferation, and promotes myogenic differentiation [32]. The
binding of vitamin D to VDR stimulates the intracellular uptake of the inorganic phosphates
that are used for producing energy-rich phosphate compounds essential for sustaining
muscle contractility [33]. Vitamin D and VDR have an important impact on skeletal
muscle function. Subsequently to muscle damage, the moderate expression of VDR and
CYP27B1 observed in homeostatic conditions increases significantly. 1,25(OH),D induces
the expression of myoblast determination protein 1 (MyoD1) and consequently inhibits
myostatin in a time-dependent manner. Furthermore, vitamin D modulates forkhead box
O (FOXO) 3 and Notch signaling pathways promoting myoblast self-renewal and sustains
the satellite stem cell pool [30].

4. Vitamin D Deficiency and Muscle Weakness

Serum 25(OH)D concentration is related to vitamin D exposure and absorption.
Therefore, VDD in humans is estimated as serum levels of this metabolite [34]. Serum
25(OH)D < 30 nmol/L (12 ng/mL) is defined as VDD, while 25(OH)D concentrations be-
tween 30 and 50 nmol/L (12-20 ng/mL) are categorized as vitamin D insufficiency [29]. At
25(OH)D levels above 30 ng/mL, there are optimum musculoskeletal benefits. A significant
association of VDD with muscle dysfunction has been demonstrated [35]. In older adults,
plasma 25(OH)D concentrations < 25 nmol/L are associated with significantly lower grip
strength [36].

Much evidence suggests that vitamin D supplementation improves muscle strength,
although in the different studies conducted up to date, there are different methodological
differences such as the characteristics of the participants, the duration, and dosage of
supplementation. In a study performed in young adults, which included subjects with a
vitamin D status varying from insufficient to optimal, it observed that in those with higher
baseline 25(OH)D concentrations, the muscle strength following an intense endurance
exercise was recovered [37].

In a meta-analysis study including young participants with 25(OH)D
concentrations < 25 nmol/L, vitamin D supplementation ranging from 4000 to 60,000 IU
per week strengthened both upper and lower body strength [38].

In a biopsy sample, VDD was found to be linked to skeletal muscle dysfunction and
mainly related to type Il muscle fiber atrophy [39]. VDR knockout mice (VDRKO) show
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muscle weakness, muscle fiber atrophy, and hypernuclearity, as well as VDR deletion,
generating alterations in muscle function and strength [40,41]. VDRKO exhibited smaller
muscle mass and weaker grip strength when compared with controls [42]. Moreover,
they showed reduced diameter muscle fibers and an abnormal expression of myogenic
transcription factors with respect to wild-type mice, suggesting a physiological role of
VDR through temporal down-regulation of myogenic transcription factors [43]. Humans
with VDD are often affected by skeletal muscle weakness and myopathy; however, they
promptly react to treatment with vitamin D3 [32]. As a consequence of VDD, a pronounced
weakness in the proximal muscle becomes evident, which leads to widespread muscle pain
and waddling gait [44]. Vitamin D3 supplementation improves muscle strength in humans.
Meta-analyses of randomized clinical trials in the general population reported that vitamin
D supplementation exerts beneficial effects on muscle strength and physical abilities [45,46].
These improvements are higher in subjects with severe VDD at baseline [47]. Nevertheless,
scientific opinions on the relationships between vitamin D status and muscle function in
COPD patients are controversial.

5. Mitochondria, Oxidative Stress, and Muscular Wasting in COPD Patients

Mitochondria are dynamic organelles playing an important role in cellular energy
metabolism. They are the most important source of oxidants within cells and the foremost
target of oxidative stress. They form continuously mutable networks within cells. Mito-
chondrial dynamics are essential to maintain normal cellular processes and are regulated
by coordinated fusion and fission cycles. Both mitochondrial structural and functional in-
tegrity are influenced by the good organization of mitochondrial quality control, including
mitochondrial dynamics and turnover, by preventing mitochondrial network fragmentation
and dysfunction, and cell death [48].

Mitochondrial quality control is particularly important to the homeostasis of skele-
tal myocytes, given their high dependence on oxidative phosphorylation (OXPHOS) for
energy supply and their post-mitotic nature, which delays the reduction in mitochondrial
dysfunction through cell division. Reduced respiration induces impairment in mitochon-
drial bioenergetics, which in turn causes the alteration of mitochondrial OXPHOS and
reduction in ATP formation and increases ROS production [49]. ROS induce the opening
of the mitochondrial membrane permeability transition pore, reduction in mitochondrial
b-nicotinamide adenine dinucleotide (NAD") stores, and consequent apoptotic cell in-
jury. Depletion of the mitochondrial fusion factor optic atrophy protein 1 (OPA1) disrupts
the mitochondrial network inducing apoptosis [49]. In contrast, the blockade of fission
protein 1 (Fisl) or dynamin-related protein 1 (Drpl) prevents mitochondrial fragmenta-
tion and apoptosis [50]. Consequently, an unbalanced stimulation of fission can lead to
mitochondrial dysfunction (Figure 1).

Inflammation generates mitochondrial dysfunction and oxidative stress and is the
main cause that induces the degradation of muscle proteins [51,52]. Mitochondria play
an essential role in modulating ROS production [53]. Insufficient oxygenation causes
mitochondrial dysfunction, superoxide production, and the intensification of free radical
formation influencing membrane potential. The hypoxic stress occurring in COPD patients
during exacerbations, or in the presence of chronic respiratory failure, contributes to a
low-grade inflammation. In the skeletal muscle tissue of murine models, a low-grade
inflammation caused by alveolar hypoxia induces an acute and extensive microvascular
inflammation within minutes [54]. Plasma levels of pro-inflammatory mediators such as
IL6, TNF-«, and C-reactive protein are persistently elevated and negatively affect muscle
mitochondprial function, underscoring the association between low-grade inflammation
and sarcopenia [55].
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Figure 1. Chronic hypoxemia contributes to inflammation, which generates mitochondrial dys-
function, impairments in mitochondrial turnover, and oxidant-antioxidant imbalance. Reduced
respiration causes insufficient oxygenation and mitochondrial dysfunction, which in turn leads to
alteration of mitochondrial OXPHOS and increases ROS levels. A disproportionate stimulation
of fission induces mitochondrial dysfunction. Reduction in the mitochondrial fusion factor OPA1
impairs the mitochondrial network and promotes apoptosis. Blockade of fission Fisl or Drpl in-
hibits mitochondrial fragmentation. Oxidative stress triggers the TGF-f signaling pathway, which
induces inhibitory effect on Nrf2, which in turn inhibits endogenous antioxidants. Oxidative stress
induces cellular senescence via FOXO transcription factors and decreases SIRT-1 expression and
enzyme activity; ROS activate the PIBK-mTOR pathway. Vitamin D supplementation prevents the
mitochondrial dysfunction and oxidative stress by setting MFN1/2, OPA1, and Drp1 expression.
Oxidative stress activates NF-«B and FOXO pathways which influences muscle wasting in COPD
patients. Vitamin D and VDR represses NF-kB and modulates the post-translational modification and
function of FoxO proteins. The beneficial effects of SIRT-1 on mitochondrial function are regulated
by vitamin D, which acts by increasing SIRT-1 formation. Abbreviations: CPR = C-reactive protein;
Drpl = dynamin-related protein 1; 1,25(OH)2D3 = 1,25-dihydroxyvitamin D3; Fis1 = fission protein 1;
FOXO = forkhead box O; IL-6 = interleukin-6; MFN1/2 = mitofusin-1/2; mTOR = mammalian target
of rapamycin; MuRF1 = muscle-specific RING finger protein 1,NOS = nitrogen species; Nrf2 = nuclear
factor erythroid 2-related factor 2; NF-«B = nuclear factor kappa; OPA1 = optic atrophy protein
1; OXPHOS = oxidative phosphorylation; PI3K = phosphatidylinositol-3-kinase; ROS = reactive
oxygen species; RHOT-1/MIRO = Ras homolog family member T-1; TGF-f3 = transforming growth
factor-beta; TNF-« = tumor necrosis-alpha; sirtuin-1 = SIRT-1; VDR = vitamin D receptor.

Chronic hypoxemia, generating high levels of ROS in the lungs, is common in pa-
tients with COPD and is often associated with muscle oxidative stress [56,57]. Intracel-
lular enzymes generating ROS consist of membrane-bound NADPH oxidases (NOX), a
xanthine/xanthine oxidase system, and neutrophil-derived myeloperoxidase (MPO) [57].
Superoxide anions are formed principally by NOX and are moderately weak oxidizing
agents; however, they are promptly transformed into more detrimental ROS species, such
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as the hydroxyl radical and H,O», or into potent and very deleterious peroxynitrite radicals
formed in the presence of nitric oxide (NO) [58]. Likewise, MPO, produced from activated
neutrophils largely present in the airways of patients with COPD, catalyzes the oxidation
of chloride, generating very damaging hypochlorous acid. Hypochlorous acid generates by
chlorinating tyrosine residues. In the sputum of patients with COPD, 3-chlorotyrosine is
remarkably present [59]. Nevertheless, in healthy cells, intracellular antioxidant enzymes
efficiently counteract ROS species, reducing their cellular detrimental effects. In the lungs
of patients with COPD a plethora of cytokines and chemokines are produced [60].

Several intracellular signaling pathways, including the transcription factor nuclear
factor-kB (NF-«kB) and signaling molecules, such as Ras/Rac, Jun-N-terminal kinase (JNK),
p38 mitogen-activated protein kinase (MAPK), and protein tyrosine phosphatases, induce
pro-inflammatory mediators susceptible to oxidative stress.

Particularly oxidative stress activates NF-«B in airway epithelial cells and macrophages
of COPD patients [60]. NF-«B activation and the resulting inflammatory effects are
involved in muscle wasting of COPD patients [61]. Oxidative stress also induces the
transforming growth factor-beta (TGF-f3) signaling pathways, which in turn amplifies
oxidative stress [62]. The inhibitory effect of TGF-f3 on nuclear factor erythroid 2-related
factor 2 (Nrf2), causing a reduced expression of endogenous antioxidants, may enhance
small airway fibrosis [63]. Oxidative stress increases the expression of matrix metallopepti-
dase 9 (MMP-9), a key enzyme with elastolytic activity involved in the origin of emphy-
sema [52]. MMP-9 enhances elastolysis through oxidative inactivation of «1-antitrypsin and
secretory leukoprotease inhibitor, resulting in enhanced neutrophil elastase activity [63].
Oxidative and nitrative stress promote, in exhaled breath condensate and in the sputum of
COPD patients, peroxynitrite formation, which increases protein tyrosine nitration, that in
turn impairs protein structure and function and further damage of endothelial function
in COPD patients [53]. Additionally, through NO signaling, inflammation may influence
muscle mitochondrial function. NO influences mitochondria functions by controlling
biogenesis, O, depletion, and redox homeostasis [64]. In skeletal myofibers, NO compe-
tition with O, could optimize O, repartition between subsarcolemmal mitochondria and
interfibrillar mitochondria [65]. Alternatively, the increase in NO formation by inducible
NOS (iNOS) results in a significant electron transport chain inhibition, amplification of
oxidant production, and induction of apoptosis via outer mitochondrial membrane (OMM)
permeabilization [66]. In mice, chronic pulmonary inflammation due to permanent TNF«
overexpression strongly impairs skeletal muscle tissue [67]. Mitochondrial turnover deteri-
oration is another mechanism connecting inflammation to mitochondrial dysfunction [68].
TNF-« strongly activates iNOS and affects NO signaling, which provides a mechanistic
connection between inflammation and mitochondrial dysfunction. Moreover, TNF-« is an
inducer of apoptosis through the death-receptor signaling pathway [69,70]. Downstream
of TNF-«, caspase-8 starts the caspase cascade and acts as a bridge between the extrinsic
and intrinsic apoptotic pathways via proapoptotic protein (Bid) truncation [71,72]. Then,
Bid promotes OMM permeabilization delivering apoptogenic factors from the intermem-
brane space [72]. Moreover, elevated levels of TNF-« decrease the mRNA abundance of
peroxisome proliferator-activated receptor gamma coactivator 1oc (PGCla), transcription
factor A mitochondrial (TFAM), and nuclear respiratory factor 1 in cultured C2C12 my-
oblasts, indicating the suppression of mitochondriogenesis [73] (Figure 1). The chronic
pulmonary inflammatory response has an important impact on muscle oxidative capacity,
via citrate synthase activity and PGCloc mRNA expression and decreased oxidative Ila
muscle fibers [67]. Therefore, the augmented oxidative stress in skeletal muscle causes a
shift towards a-type IIx-oriented muscle phenotype with a reduced ability to distribute
and use oxygen [74]. Systemic inflammation and oxidant-antioxidant imbalance could
induce modifications in cellular phenotypes all over the organism, impairing organ and
tissue homeostasis. In addition, inflammation by preventing autophagy could intensify
mitochondrial dysfunction [75]. Oxidative stress can induce cellular senescence via FOXO
transcription factors and then reduce sirtuin-1 enzyme activity [76] and expression, which
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is associated with increased expression of MMP-9 and acetylation of NF-kB [76]. Moreover,
ROS trigger the PI3K-mTOR (mammalian target of rapamycin) pathway promoting an in-
creased microRNA-34a, which inhibits sirtuin-1 (SIRT-1) [77] (Figure 1). Therefore, targeted
interventions on inflammation should prevent muscle deterioration and function.

6. Mitochondrial Alterations and Muscular Wasting in COPD Patients

Mitochondrial quality control disorders causing mitochondrial dysfunctions con-
tribute to muscle loss associated with atrophying conditions [78]. Mitochondrial dysfunc-
tion includes increased mitochondrial reactive oxygen species (mtROS) generation and
reduction in membrane potential, OXPHOS, and crucial mitochondrial proteins such as
PTEN-induced putative kinase 1 (PINK1), PARKIN, RHOT1/MIRO, and DRP [79]. Basi-
cally, fusion allows joining mitochondria to merge their contents, thus reorganizing proteins,
mitochondrial DNA (mtDNA), and metabolites and equilibrating the concentrations of
nuclear-encoded proteins across organelles [80]. Imbalances in fusion—fission have been
proposed as a formation mechanism of aberrant mitochondria under stress conditions.
Fission segregates components of the network that are permanently damaged or unneces-
sary, for subsequent removal [48]. Unbalance in either of these processes generates altered
cellular physiology and mitochondrial function [80].

Therefore, it is possible that muscle deterioration in COPD patients is due to a fusion
among mitochondria. mtDNA is susceptible to oxidative stress, attributable to its contiguity
to the source of oxidants and the delicate repair system compared with nuclear DNA
and the absence of histones and introns [81]. Mitochondrial dysfunctions arising from
oxidative damage to mtDNA can produce a vicious cycle in which the synthesis of defective
electron transport chain (ETC) subunits results in OXPHOS impairment, decreased ATP
production, and additional ROS generation [82]. A rapid muscle impairment generates
protein breakdown and the deterioration of the anti-oxidative pathways; consequently,
mitochondrial damage is also induced in the course of exacerbations [83]. Therefore,
an integration of the total cellular mtDNA pool takes place, disturbing the association
between genotype (i.e., damaged mtDNA) and phenotype (i.e., increased ROS production
and/or malfunctioning OXPHOS) [81]. The exposure of cultured cells to sub-cytotoxic
doses of hydrogen peroxide (HpO,) represses the expression of fission protein 1 (Fis1), thus
promoting the formation of elongated mitochondria with augmented oxidant emission [84]
(Figure 1). Upregulation of fusion and/or downregulation of fission could serve to maintain
the viability of myocytes until mtDNA suffers damage and consequently mitochondrial
interconnection prevents the elimination of impaired mitochondria [81].

The expression of the fission machinery in a transgenic mouse model induced mito-
chondrial dysfunction, remodeling of the mitochondrial network, protein breakdown, and
fiber atrophy [85]. Mitochondrial dysfunctions are frequently observed in COPD and are
important events arising in the pathogenesis of this disease [86]. Acute cigarette smoke
(CS) exposure increases the levels of DRP1 and FIS1; hence, increasing mitochondrial
fragmentation [87] decreases the outer mitochondrial membrane (OMM) fusion proteins
such as MFN1 [86] (Figure 1). In addition, a permanent low dose-rate of CS exposure
in primary bronchial epithelial cells (PBECs) of COPD patients disrupts mitophagy and
induces the augmentation of damaged mitochondria and a rise in the fusion proteins
mitofusin 1/2 (MFN1/2) and OPA1, resulting in merged mitochondria in PBECs [86,88].

7. Role of Vitamin D in Anti-Oxidative Mechanisms Implicated in Muscular Wasting
in COPD Patients

Vitamin D regulates calcium (Ca%*") homeostasis in skeletal muscle. Ca?* is an im-
portant component in muscle energy metabolism contributing to the interaction between
cytosol and mitochondria [89]. Ca?* and ROS are the main secondary messengers involved
in numerous cellular signaling pathways. Mitochondria influence both ROS and Ca?*
homeostasis and transfer signaling [90]. The compromised Ca®* protecting role of dysfunc-
tional mitochondria generates an increase in the intracellular level of Ca?*. Thus, VDD
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may cause mitochondria’s insufficient Ca?* uptake generating the perturbations of cellular
metabolic homeostasis [11]. 1¢,25(0OH), D3, the most active form of vitamin D3, is crucial in
muscle regeneration, in the regulation of skeletal muscle tone and contraction, as well as in
the preservation against muscle damage [11]. VDD modifies muscle contraction kinetics re-
ducing Ca?* reuptake into the sarcoplasmic reticulum, thus leading to a perpetuation of the
relaxation phase of muscle contraction. Moreover, VDD increases the cytotoxicity mediated
by ROS and is associated with failure in mitochondrial respiration [88]. Therefore, VDD
may contribute to exacerbating the damage of muscle and atrophy for the excess mitochon-
drial ROS production [11], oxidative impairment, and ATP reduction. In several clinical
models, muscle atrophy and deficits in muscle strength at low 25(OH)D concentrations
(<50 nmol/L) levels have been reported [91]. In muscle, one of the wasting reasons results
from a disproportion in the protein degradation and synthesis rates [19]. VDD influences
protein synthesis and degradation. The foremost known proteolytic pathways in the skele-
tal muscle are the ATP-ubiquitin-dependent system, the lysosomal system, and the cytosolic
calcium-activated system [92]. The ATP-ubiquitin-dependent system is the only one depen-
dent on vitamin D [92]. In skeletal muscle cells, the treatment with 1«,25(0OH), D3 induces
an increment of oxygen consumption rate (OCR) and the generation of ATP [45]. In addition,
vitamin D status mediates changes in skeletal muscle mitochondrial dynamics, pyruvate
dehydrogenase phosphorylation, and expression of nuclear genes encoding mitochondrial
proteins, and influences skeletal muscle performance [93]. Nevertheless, direct treatment
of isolated mitochondria with 1¢,25(OH),; D3 fails to increase OCR, showing that the ef-
fects of 1,25(0OH);D3 on OCR might be VDR-dependent or by other extra-mitochondrial
biochemical events (Figure 1) [91]. Therefore, vitamin D is beneficial in the treatment
of muscle weakness once metabolized to 1x,25(OH), D3 [45]. This process may occur
when VDD and high PTH levels drive the rapid metabolism of 25(OH)Dj3 to 1x,25(0OH),Ds.
A treatment with cholecalciferol in VDD humans increases the mitochondrial oxidative
phosphorylation rate [91]. Furthermore, VDD affects alterations in antioxidant enzyme
activities [11]. In skeletal muscle, VDD also impacts on nitrosative stress, lipid and protein
peroxidation, and reduced activities of the antioxidant enzymes [11,91]. C2C12 cell lines
treated with 1,25(OH)D showed a decrease in ROS synthesis, lipid and protein oxidation,
protein ubiquitination, intracellular damage, muscle proteolysis, and atrophy markers, and
an increase in glutathione peroxidase (GPx) and superoxide dismutase (SOD) activities
and markers of mitochondrial biogenesis in paraspinal muscle [92]. Optimal levels of
ROS are used for signal transduction by skeletal muscle cells following damage. While
exaggerated production of ROS by disabling defensive antioxidant systems, it damages
muscle integrity [91]. Treatments of hyperoxia-exposed animals with 1,25(0OH)2D3 cause
a significant increase in body weight and reduced hyperoxia-induced lung injury [94].
Experimental studies on mice show that 12 months” VDD decreases anaerobic capacity
and lean mass, and promotes a trend towards smaller fast-twitch fiber cross-sectional
area and gait disturbance, resulting in sarcopenia. Additionally, VDD mice displayed an
increase in atrophy-associated atrogin-1 gene expression and differential expression of
muscle-regulation-associated miR-26a compared to control mice [95]. This finding strongly
confirms that VDD impacts muscular deterioration. Indeed, vitamin-D-treated rats dis-
played a reduction in both oxidative stress and tissue damage after full exercise [95]. These
data corroborate the notion that vitamin D controls mitochondrial function and oxidative
stress in skeletal muscle. In several experimental models, vitamin D analogues exert a
protective effect on skeletal muscle and cells experiencing oxidative stress [96]. The expla-
nation of the mechanism by which vitamin D regulates oxidative stress may be dependent
on its influence in the regulation of mitochondrial dynamics and function. Pulmonary VDR
and Nrf-2 are reduced in COPD patients [97] (Figure 1). Nrf-2 is an important transcription
factor that mediates antioxidant defense pathways [98]. Pulmonary Nrf-2 downregulation
causes failure of the antioxidant defense system, impairment of pulmonary epithelial cells,
and promotes the onset of COPD [97]. Vitamin D supplementation activates VDR [99] and
induces the Nrf2-Keap1 antioxidant pathway [98] (Table 1).
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Table 1. Possible vitamin D linked mechanisms involved in mitochondrial function.

Experimental Data

Model

Sample Size

Tissue

Approach

Reference

Evaluation of oxygen consumption,
biogenesis, dynamics, and nuclear genes
encoding variations.

Human

//

Muscle biopsies.
Primary human
skeletal muscle cells.

Supplementation of 1x,25-Dihydroxyvitamin D3 (10-8 M) for 48 h.

VDR expression in human muscle cells and skeletal muscle homogenates.

Effect of 1,25(OH),; D mitochondrial oxygen consumption and in
expression of: mitochondrial proteins that alter mitochondrial fusion;
proteins associated with mitochondprial fission; phosphorylated pyruvate
dehydrogenase and pyruvate dehydrogenase kinase 4; genes encoding
mitochondrial proteins; and genes encoding cellular signaling and
growth-regulatory pathways in adult human skeletal muscle cells.
Knockdown of VDR with silencing RNA in skeletal muscle cells to detect
the effects of 1x,25(0OH), D3 on OCR.

[45]

Assessment of oxidative and nitrosative
stress parameters.

Rat

//

Fasting blood samples
analysis. C2C12 cell
culture.

Supplementation of 1,25(OH)2D3 (1 nM and 10 nM) for 24 h.

Effect of VDD in muscle oxidative stress in a rat model. Pre/post
treatment of C2C12 muscle cells with vitamin D offers protection against
oxidative stress induced muscle proteolysis. VDD increase in activities of
the glutathione-dependent enzymes and decrease in SOD and catalase
enzymes in the rat muscle.

Pre/post treatment of C2C12 muscle cells with vitamin D correct total
protein degradation, 20S proteasomal enzyme activity, muscle atrophy
gene markers and expression of proteasome subunit genes induced by
oxidative stress.

[91]

Serum and lung tissue analysis.

Human

180 COPD
patients

Human lung tissues
and serum samples of
COPD.

Level of pulmonary VDR-positive nuclei between COPD patients and
control subjects

Correlations of pulmonary function with pulmonary DJ-1, Nrf-2 and VDR
in COPD patients.

[97]

Antioxidant and antiaging effects of
1,25Dihydroxyvitamin D by activation of
Nrf2-antioxidant signaling and
inactivation of p16/p53-senescence
signaling.

Mouse

120

Skin, lung, liver,
kidney, and spleen.

Two different supplementation: thrice weekly of 2.2 IU vitamin D/g or
1,25(0H)2D3 (1 ng/kg) until death.

Effects of a high-calcium/phosphate diet, of 1,25(0OH),; D3, and of
antioxidant supplementation on lifespan, body weight, skin morphology;
on oxidative stress, DNA damage, protein expression of oncogenes and
tumor suppressive genes; and on cell proliferation and senescence in
1a(OH)ase /~ mice.

[98]

Improvement in parameters of
mitochondprial function in
vitamin-D-deficient individuals after
vitamin D supplementation.

Human

12 subjects
with severe
vitamin D
deficiency

Serum samples

Effect of cholecalciferol therapy (20 000 IU supplementation on alternate
days for 10-12 weeks) in muscle mitochondrial maximal oxidative
phosphorylation after exercise in symptomatic, vitamin-D-deficient
individuals.

[100]
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Table 1. Cont.

Experimental Data

Model

Sample Size

Tissue

Approach Reference

FOXOL1 activation in the skeletal muscle
of global VDR-null mice.

Mouse

VDR ™/~ mice
administered a diet
enriched with calcium
and phosphorus;
SMVDR ™/~ mice
generated by crossing
VDRIOP/10Xp mice
with mice with
muscle-specific Cre
recombinase
expression under the
control of the myosin
light chain 1f (MLC 1f)
genomic locus; C2C12
muscle cells.

Treatment of C2C12 muscle cells with 1,25-dihydroxyvitamin D (100 nM
for 48 h) to detect FOXO1 expression, nuclear translocation, and activity. ~ [101]
Evaluation of FOXO1 activation in knockdown VDR mice.

Effect of vitamin D supplementation on
oxidative stress.

Mouse

Eight mice
for each
experimental

group.

Adipocyte cell culture
model

Supplementation of cholecalciferol (67 IU VD/kg daily for last 8 weeks) to
detect the effects of 1,25(0OH), D3 supplementation in NOX4, Nrf2 SIRT-1 ~ [102]
expression, ROS production, NF-kB and AMPK phosphorylation.

Abbreviations: VDR = vitamin D receptor; 1c,25(OH),;D = 1«,25-Dihydroxyvitamin D; RNA = ribonucleic acid; 1,25(0OH)2D3 = 1,25-dihydroxyvitamin D3; OCR = oxygen consumption
rate; VDD = vitamin D deficiency; SOD = Superoxide dismutase; Nrf2 = nuclear factor erythroid 2-related factor 2; 1x(OH)ase = 1x-hydroxylase enzyme; FOXO1 = forkhead box
O1; SMVDR = skeletal muscle-specific VDR; NOX4 = NADPH Oxidase 4; SIRT-1 = sirtuin-1; ROS = reactive oxygen species; NF-kB = nuclear factor kappa; AMPK = AMP-activated
protein kinase.
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These data highlight the value of vitamin D for a suitable redox equilibrium and
underline how vitamin D analogues” administration stimulates muscle mitochondrial
health during oxidative stress.

8. Mitophagy Alterations and Muscular Wasting in COPD Patients

As mentioned above, systemic inflammation by reducing mitochondrial biogenesis
and promoting mitophagy and autophagy in myocytes adversely affects mitochondrial
function [86]. Consequently, the inflammatory process generates skeletal muscle dysfunc-
tion in COPD patients.

Dysfunctional or impaired mitochondria are removed from the cell via mitophagy,
whereby altered mitochondria are incorporated into the autophagosomes and subjected to
lysosomal degradation and selective autophagy [103].

Defective mitochondria increase cellular oxidative stress and induce cell death [88].
Mitochondrial dynamics and apoptotic signaling are closely correlated. This relationship is
essential to regulate cell death/survival pathways.

There are two forms of mitophagy: receptor-mediated mitophagy and ubiquitin-
mediated mitophagy [103]. The mitophagy receptors participating in the selective clear-
ance of mitochondria include NIX, BNIP3 (BCL2 and adenovirus E1B 19-kDa-interacting
protein 3), also referred as NIX-BNIP3-FUDNCI, as well as PINK1/Parkin pathway [104].

Mitochondrial membrane depolarization initiates mitophagy followed by PINK1 sta-
bility, which controls mitochondrial quality via fission on mitochondrial outer membranes.
PINK1 induces Parkin, an E3 ubiquitin ligase. Parkin cooperates with PINK1 in mitochon-
drial quality control marking damaged mitochondria [105] (Figure 2). Once recruited to
mitochondria, Parkin ubiquitinates MFN2. MFN2 acting as a receptor for Parkin is essential
for its localization of damaged mitochondria and the subsequent interaction with mem-
branes containing protein microtubule-associated protein light chain 3 (LC3) to sequestrate
mitochondria and the formation of autophagosomes (Figure 2).

The pathways involved in mitophagy regulation ultimately cause the recruitment of
proteins regulating autophagy to promote autophagosome formation [106]. The expression
levels of the autophagy-related genes LC-3B, BNIP3, and GABARAPLI are increased in
skeletal muscle during pulmonary inflammation; however, they display a differential
dependence on muscle NF-«B [106]. NF-kB-independent elevation of BNIP3 transcripts
may be the consequence of FOXO3 of rapid atrophy [107]. FOXO3 activation causes the
transcription of the atrogin-1 promoter and an intense decrease in myotubes and hence fiber
size (Figure 1) [108]. Clinically, this process could lead to a gradual decline in muscular
performance and the evolution of muscle atrophy.
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Figure 2. Dysfunctional or impaired mitochondria are removed from the cell via mitophagy. De-
fective mitochondria are loaded into the autophagosomes followed by lysosomal degradation. Mi-
tophagy takes place by selective autophagy of mitochondria via receptor-mediated mitophagy
or ubiquitin-mediated mitophagy. The mitophagy receptors participating in the selective clear-
ance of mitochondria include BNIP3/NIX and FUDNC1 and the PINK1/Parkin pathway. The
preservation of the normal mitochondrial control is one of the most important actions of vita-
min D. During muscle regeneration, 1,25(OH)2D3 stimulates an increase in VDR levels in satel-
lite cells and central myonuclei. This process subsidizes the preservation of satellite cell self-
renewal capacity. VDR increases mitochondrial biogenesis and fusion signaling, and inhibiting
ROS production mitigates antioxidant demand, which promotes regenerative phenotype. Abbre-
viations: BNIP3/NIX: BCL2 interacting-protein-3-like; FUNDC1 = FUN14 domain-containing 1;
1,25(0OH), D3 = 1,25-dihydroxyvitamin D3; MEN 1/2 = Mitofusin 1/2; Parkin = Parkinson protein 2,
E3 ubiquitin protein ligase; PINK1 = PTEN-induced putative kinase protein-1; RHOT1/MIRO: Ras
homolog family member T; VDR = Vitamin D receptor.

9. Role of Vitamin D in Mitochondrial Biogenesis and Dysfunction in Muscular
Wasting of COPD Patients

In cellular bioenergetics, the preservation of the normal mitochondrial control is one
of the most important actions of vitamin D [100]. VDD inhibits VDR signaling, promotes
oxidative stress, and reduces mitochondrial biogenesis and function.

Therefore, the deleterious effects of permanent VDD on the mitochondrial function
fatally leads to muscle atrophy.

During muscle regeneration, 1,25(0OH)2D3 induces VDR in satellite cells and cen-
tral myonuclei promoting their proliferation cell self-renewal capacity and differentiation
(Figure 2). In addition, VDR activation by preventing oxidative stress promotes mitochon-
drial biogenesis and fusion, and by attenuating antioxidant consumption, facilitates the
regenerative process. Vitamin D supplementation reduces the oxidative stress and mito-
chondrial dysfunction and improves the mitochondrial cristae structure by regulating the
expression of MFN1/2, OPA1, and Drpl.

So far, one of the best pathways recognized of mitophagy in mammals is that of
PINK1/Parkin [106] (Figure 1).
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Vitamin D supplementation in symptomatic VDD subjects improves mitochondrial
oxidative function and skeletal muscle function and performance (Table 1) [100].

A prominent role in skeletal muscle mitochondrial biogenesis is carried out by PGC
transcription factors. Interestingly, high PGC-1« levels also avoid transcriptional activity
of FOXO3a. This observation indicates that mitochondria might participate in the atrophy
progression [109]. In fact, FOXO factors control several atrophy-related genes recognized as
“atrophy patterns” present in various atrophy types and stimulate the expression of many
and enhance protein degradation [110]. Moreover, FOXOs impede cell cycle progression
and activate apoptosis [111].

VDD reduces PGC-1o and IGF-1 via VDR—the nuclear receptor. It has been reported
that VDR signaling improved by vitamin D stimulation inhibited FOXO1 expression, nu-
clear translocation, and activity in C2C12 muscle cells. The inhibition of FOXO1 activation
vanished if VDR was suppressed. Therefore, FOXOL1 is a strategic regulator of VDR signal-
ing in skeletal muscle atrophy [101].

Akt is involved in the progression of muscle atrophy [112]. FOXO3 action is inhibited
by Akt, which, by phosphorylation of FOXO3-conserved residues, causes their inactivation
compromising their action towards target genes [112]. FOXO3a phosphorylation prevents
its translocation to the nuclei, and consequently the expression of target genes for muscle
atrophy, including F-box protein (MAFbx) and MuRE, are inhibited. The signaling pathway
inducing the expression of MuRF1 and MAFbx includes Src-ERK1/2-Akt-FOXO [113]. In
addition, Akt regulates muscle synthesis via mTOR. In murine C2C12 skeletal myotubes,
1a,25(0OH); D3 stimulates the Akt/mTOR-dependent pathway, inducing activation of their
protein synthesis [109] (Figure 1).

Remarkably, SIRT-1 modulates VDR signaling. Further, sirtuin-1 controls inflam-
mation, oxidative stress, mitochondrial function and biogenesis, apoptosis, and cellular
senescence. SIRT1-catalyzed deacetylation promotes FOXO activity and DNA binding
affinity [114].

Vitamin D inducing the formation of SIRT-1 [102] exerts positive effects on Sirtl and
mitochondrial function (Table 1). Moreover, VDR controls the function of FOXO proteins
and acts as a selective regulator of SIRT-1 action [114] (Figure 1).

It has been reported that the abolition of VDD recovers fatigue and myopathy signs in
VDD subjects [100]. Other investigators found that in patients with low back pain, vitamin
D supplementation reduced oxidative stress in skeletal muscle [115]. Nevertheless, it was
demonstrated that the C2C12 cell line and primary myoblasts’ vitamin D over dosage causes
VDR overexpression and damages their differentiation into mature myotubes [101]. Some
other studies indicate that moderate over dosage of vitamin D causes adverse effects on
skeletal muscle function [110,116]. Likewise, the supraphysiological dose of 1x,25(0OH),D3
injected into experimentally injured muscle disturbs the regenerative response in muscle,
reduces satellite cell differentiation, interrupts regenerative muscle fiber formation, and
induces muscular fibrosis [31].

10. Concluding Remarks and Future Prospective

Much evidence suggests a possible role of vitamin D activity in patients with COPD
suffering from skeletal muscle dysfunction. In vitro and in vivo studies on animal models
have shown that vitamin D mitigates the production of ROS, increases antioxidant capacity,
and prevents oxidative stress, which is an important component in muscle damage. In
addition, suppression of VDR causes a decrease in mitochondrial oxidative capacity and
ATP production, indicating that vitamin D is crucial for mitochondrial oxidative phospho-
rylation capability, which is important for muscle regeneration. Muscle regeneration is
an intricate process that includes repair of mitochondrial function and activation of the
resident skeletal muscle stem cells, named satellite cells. VDR expression is significantly
upregulated following injury, mainly in central nuclei and satellite cells subsequent to
muscle injury [42]. Thus, the involvement of vitamin D in the mitochondrial integrity may
also include satellite cell activity and self-renewal aptitude, which affect muscle recovery.
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Nevertheless, the exact mechanism used by vitamin D to promote muscle health in COPD
patients currently has not been fully clarified (Figure 3), nor the optimal form, dose, and
time of administration.
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Figure 3. Overview of the possible role of vitamin D activity in patients with COPD suffering from
skeletal muscle dysfunction.

Further research is necessary to define the mechanistic action of vitamin D on mito-
chondria, and the modalities by which these processes take place in the muscular dysfunc-
tion of subjects with COPD. In addition, levels of vitamin D sufficiency reduction should
be standardized, as well the duration of vitamin D administration, and there should be
a comparison of several analogues of vitamin D to clarify its potential as an important
supplement for the recovery of musculoskeletal function in COPD patients.

Author Contributions: C.R. and M.S.V. equally contributed to this manuscript through conceptual-
ization and literature research. A.C. and G.S. conducted the literature research and M.S.V. reviewed
the manuscript. L.S. visualization. L.M. supervised and edited the manuscript. All authors approved
the submitted version. All authors have read and agreed to the published version of the manuscript.

Funding: This research was founded by University of Catania, grant “fondi di ateneo 2020-2022"
PIA.CE.RI, linea Open Access.

Acknowledgments: We wish to thank the Scientific Bureau of the University of Catania for
language support.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.



Biomedicines 2022, 10, 898 15 of 19

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Barnes, PJ.; Burney, P.G,; Silverman, E.K,; Celli, B.R.; Vestbo, J.; Wedzicha, J.A.; Wouters, E.F. Chronic obstructive pulmonary
disease. Nat. Rev. Dis. Primers 2015, 1, 15076. [CrossRef] [PubMed]

Rabe, K.F,; Halpin, D.M.G.; Han, M.K.; Miravitlles, M.; Singh, D.; Gronke, L.; Vo8, F.; Martinez, F.J. Composite endpoints in
COPD: Clinically important deterioration in the UPLIFT trial. Respir. Res. 2020, 21, 177. [CrossRef] [PubMed]

Dumitru, L.; Iliescu, A.; Dinu, H.; Badea, R.; Savulescu, S.; Huidu, S.; Berteanu, M. Disability in COPD and Chronic Heart Failure
Is the Skeletal Muscle the Final Common Pathway? Maedica (Bucur) 2013, 8, 206-213. [PubMed]

Maltais, F.; Decramer, M.; Casaburi, R.; Barreiro, E.; Burelle, Y.; Debigaré, R.; Dekhuijzen, PN.; Franssen, F.; Gayan-Ramirez, G.;
Gea, J.; et al. ATS/ERS Ad Hoc Committee on Limb Muscle Dysfunction in COPD. An official American Thoracic Soci-
ety /European Respiratory Society statement: Update on limb muscle dysfunction in chronic obstructive pulmonary disease. Am.
J. Respir. Crit. Care Med. 2014, 189, e15—e62. [CrossRef]

Natanek, S.A.; Gosker, H.R.; Slot, L.G.; Marsh, G.S.; Hopkinson, N.S.; Man, W.D.; Tal-Singer, R.; Moxham, J.; Kemp, PR,;
Schols, A.M.; et al. Heterogeneity of quadriceps muscle phenotype in chronic obstructive pulmonary disease (Copd); implications
for stratified medicine? Muscle Nerve 2013, 48, 488-497. [CrossRef]

Jaitovich, A.; Barreiro, E. Skeletal Muscle Dysfunction in Chronic Obstructive Pulmonary Disease. What We Know and Can Do
for Our Patients. Am. |. Respir. Crit. Care Med. 2018, 198, 175-186. [CrossRef]

Khan, D.M.; Ullah, A.; Randhawa, F.A; Iqtadar, S.; Butt, N.F.; Waheed, K. Role of Vitamin D in reducing number of acute
exacerbations in Chronic Obstructive Pulmonary Disease (COPD) patients. Pak. . Med. Sci. 2017, 33, 610-614. [CrossRef]

Li, X,; He, J.; Yu, M.; Sun, J. The efficacy of vitamin D therapy for patients with COPD: A meta-analysis of randomized controlled
trials. Ann. Palliat. Med. 2020, 9, 286-297. [CrossRef]

Jolliffe, D.A.; Greenberg, L.; Hooper, R.L.; Mathyssen, C.; Rafiq, R.; de Jongh, R.T.; Camargo, C.A.; Griffiths, C.J.; Janssens, W.;
Martineau, A.R. Vitamin D to prevent exacerbations of COPD: Systematic review and meta-analysis of individual participant
data from randomised controlled trials. Thorax 2019, 74, 337-345. [CrossRef]

Redzic, M.; Lewis, R M.; Thomas, D.T. Relationship between 25-hydoxyvitamin D, muscle strength, and incidence of injury in
healthy adults: A systematic review. Nutr. Res. 2013, 33, 251-258. [CrossRef]

Latham, C.M.; Brightwell, C.R.; Keeble, A.R.; Munson, B.D.; Thomas, N.T.; Zagzoog, A.M.; Fry, C.S.; Fry, ].L. Vitamin D Promotes
Skeletal Muscle Regeneration and Mitochondrial Health. Front. Physiol. 2021, 12, 660498. [CrossRef] [PubMed]

Hornikx, M.; Van Remoortel, H.; Lehouck, A.; Mathieu, C.; Maes, K.; Gayan-Ramirez, G.; Decramer, M.; Troosters, T.; Janssens, W.
Vitamin D supplementation during rehabilitation in COPD: A secondary analysis of a randomized trial. Respir. Res. 2012, 13, 84.
[CrossRef] [PubMed]

Rezk, N.A.S.A.; Aly, N.Y.A.; Hewidy, A.A H. Effect of vitamin D replacement in chronic obstructive pulmonary disease patients
with vitamin D deficiency. Egypt |. Chest Dis. Tuberc. 2015, 64, 353-357. [CrossRef]

Heulens, N.; Korf, H.; Janssens, W. Innate immune modulation in chronic obstructive pulmonary disease: Moving closer toward
vitamin D therapy. J. Pharmacol. Exp. Ther. 2015, 353, 360-368. [CrossRef] [PubMed]

Casabona, A.; Valle, M.S.; Laudani, L.; Crimi, C.; Russo, C.; Malaguarnera, L.; Crimi, N.; Cioni, M. Is the Power Spectrum of
Electromyography Signal a Feasible Tool to Estimate Muscle Fiber Composition in Patients with COPD? J. Clin. Med. 2021,
10, 3815. [CrossRef]

Sharanya, A.; Ciano, M.; Withana, S.; Kemp, P.R.; Polkey, M.I; Sathyapala, S.A. Sex differences in COPD-related quadriceps
muscle dysfunction and fibre abnormalities. Chron. Respir. Dis. 2019, 16, 1479973119843650. [CrossRef]

Beauchamp, M.K; Sibley, K.M.; Lakhani, B.; Romano, J.; Mathur, S.; Goldstein, R.S.; Brooks, D. Impairments in systems underlying
control of balance in COPD. Chest 2012, 141, 1496-1503. [CrossRef]

Nantsupawat, N.; Lane, P.; Siangpraipunt, O.; Gadwala, S.; Nugent, K. Gait Characteristics in Patients with Chronic Obstructive
Pulmonary Disease. J. Prim. Care Community Health. 2015, 6, 222-226. [CrossRef]

Valle, M.S.; Casabona, A ; Di Fazio, E.; Crimi, C.; Russo, C.; Malaguarnera, L.; Crimi, N.; Cioni, M. Impact of chronic obstructive
pulmonary disease on passive viscoelastic components of the musculoarticular system. Sci. Rep. 2021, 11, 18077. [CrossRef]

De Boer, M.D.; Selby, A.; Atherton, P.; Smith, K.; Seynnes, O.R.; Maganaris, C.N.; Maffulli, N.; Movin, T.; Narici, M.V.; Rennie, M.J.
The temporal responses of protein synthesis, gene expression and cell signaling in human quadriceps muscle and patellar tendon
to disuse. J. Physiol. 2007, 585, 241-251. [CrossRef]

Swallow, E.B.; Reyes, D.; Hopkinson, N.S.; Man, W.D.; Porcher, R.; Cetti, E.J.; Moore, A.]J.; Moxham, ].; Polkey, M.I. Quadriceps
strength predicts mortality in patients with moderate to severe chronic obstructive pulmonary disease. Thorax 2007, 62, 115-120.
[CrossRef] [PubMed]

Lakhdar, R.; Rabinovich, R.A. Can muscle protein metabolism be specifically targeted by nutritional support and exercise training
in chronic obstructive pulmonary disease? J. Thorac. Dis. 2018, 10 (Suppl. S12), S1377-51389. [CrossRef] [PubMed]

Nishiki, K.; Nojiri, M.; Kato, R.; Shinomiya, S.; Oikawa, T.; Ishizaki, T.; Toga, H.; Mizuno, S. Serum Creatinine/Cystatin C Ratio
Associated with Cross-Sectional Area of Erector Spinae Muscles and Pulmonary Function in Patients with Chronic Obstructive
Pulmonary Disease. Int. |. Chronic Obstr. Pulm. Dis. 2021, ume 16, 3513-3524. [CrossRef]

Owens, D.J.,; Sharples, A.P; Polydorou, I.; Alwan, N.; Donovan, T.; Tang, J.; Fraser, W.D.; Cooper, R.G.; Morton, ].P;
Stewart, C.; et al. A systems-based investigation into vitamin D and skeletal muscle repair, regeneration, and hypertrophy. Am. J.
Physiol. Endocrinol. Metab. 2015, 309, E1019-E1031. [CrossRef] [PubMed]


http://doi.org/10.1038/nrdp.2015.76
http://www.ncbi.nlm.nih.gov/pubmed/27189863
http://doi.org/10.1186/s12931-020-01431-y
http://www.ncbi.nlm.nih.gov/pubmed/32646424
http://www.ncbi.nlm.nih.gov/pubmed/24371487
http://doi.org/10.1164/rccm.201402-0373ST
http://doi.org/10.1002/mus.23784
http://doi.org/10.1164/rccm.201710-2140CI
http://doi.org/10.12669/pjms.333.12397
http://doi.org/10.21037/apm.2020.02.26
http://doi.org/10.1136/thoraxjnl-2018-212092
http://doi.org/10.1016/j.nutres.2013.02.007
http://doi.org/10.3389/fphys.2021.660498
http://www.ncbi.nlm.nih.gov/pubmed/33935807
http://doi.org/10.1186/1465-9921-13-84
http://www.ncbi.nlm.nih.gov/pubmed/23006613
http://doi.org/10.1016/j.ejcdt.2015.01.002
http://doi.org/10.1124/jpet.115.223032
http://www.ncbi.nlm.nih.gov/pubmed/25755208
http://doi.org/10.3390/jcm10173815
http://doi.org/10.1177/1479973119843650
http://doi.org/10.1378/chest.11-1708
http://doi.org/10.1177/2150131915577207
http://doi.org/10.1038/s41598-021-97621-9
http://doi.org/10.1113/jphysiol.2007.142828
http://doi.org/10.1136/thx.2006.062026
http://www.ncbi.nlm.nih.gov/pubmed/17090575
http://doi.org/10.21037/jtd.2018.05.81
http://www.ncbi.nlm.nih.gov/pubmed/29928520
http://doi.org/10.2147/COPD.S339243
http://doi.org/10.1152/ajpendo.00375.2015
http://www.ncbi.nlm.nih.gov/pubmed/26506852

Biomedicines 2022, 10, 898 16 of 19

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Valle, M.S.; Russo, C.; Casabona, A.; Crimi, N.; Crimi, C.; Colaianni, V.; Cioni, M.; Malaguarnera, L. Anti-inflammatory role of
vitamin D in muscle dysfunctions of patients with COPD: A comprehensive review. Minerva Med. 2022. [CrossRef] [PubMed]
Pojednic, R.M.; Ceglia, L. The emerging biomolecular role of vitamin D in skeletal muscle. Exerc. Sport Sci. Rev. 2014, 42, 76-81.
[CrossRef]

DeLuca, H.F. Overview of general physiologic features and functions of vitamin D. Am. ]. Clin. Nutr. 2004, 80 (Suppl. S6),
16895-1696S. [CrossRef]

Ginde, A.A.; Wolfe, P,; Jr Camargo, C.A.; Schwartz, R.S. Defining vitamin D status by secondary hyperparathyroidism in the U.S.
population. J. Endocrinol. Investig. 2012, 35, 42—48. [CrossRef]

Valle, M.S.; Russo, C.; Malaguarnera, L. Protective role of vitamin D against oxidative stress in diabetic retinopathy. Diabetes
Metab. Res. Rev. 2021, 37, €3447. [CrossRef]

Olsson, K.; Saini, A.; Stromberg, A.; Alam, S.; Lilja, M.; Rullman, E.; Gustafsson, T. Evidence for Vitamin D Receptor Expression
and Direct Effects of 1,25(OH)2D3 in Human Skeletal Muscle Precursor Cells. Endocrinology 2016, 157, 98-111. [CrossRef]
Bellido, T.; Boland, R. Effects of 1,25-dihydroxy-vitamin D3 on phosphate accumulation by myoblasts. Horm. Metab. Res. 1991, 23,
113-116, Erratum in Horm. Metab. Res. 1991, 23, 356. [CrossRef] [PubMed]

Garcia, L.A.; King, K.K; Ferrini, M.G.; Norris, K.C.; Artaza, J.N. 1,25(OH)2vitamin D3 stimulates myogenic differentiation by
inhibiting cell proliferation and modulating the expression of promyogenic growth factors and myostatin in C2C12 skeletal
muscle cells. Endocrinology 2011, 152, 2976-2986. [CrossRef] [PubMed]

Pfeifer, M.; Begerow, B.; Minne, H.W. Vitamin D and muscle function. Osteoporos Int. 2002, 13, 187-194. [CrossRef] [PubMed]
Holick, MLF. Vitamin D status: Measurement, interpretation, and clinical application. Ann. Epidemiol. 2009, 19, 73-78. [CrossRef]
Shuler, F.D.; Wingate, M.K.; Moore, G.H.; Giangarra CGiangarra, C. Sports health benefits of vitamin d. Sports Health 2012, 4,
496-501. [CrossRef]

Ranathunga, RM.T.K,; Hill, T.R.; Mathers, J.C.; Francis, R.M.; Prentice, A.; Schoenmakers, I.; Aspray, T.]. Vitamin D in Older
People Study group. No effect of monthly supplementation with 12000 IU, 24000 IU or 48000 IU vitamin D3 for one year on
muscle function: The vitamin D in older people study. |. Steroid. Biochem Mol. Biol. 2019, 190, 256-262. [CrossRef]

Barker, T.; Henriksen, V.T.; Martins, T.B.; Hill, H.R.; Kjeldsberg, C.R.; Schneider, E.D.; Dixon, B.M.; Weaver, L. K. Higher serum
25-hydroxyvitamin D concentrations associate with a faster recovery of skeletal muscle strength after muscular injury. Nutrients
2013, 5, 1253-1275. [CrossRef]

Tomlinson, P.B.; Joseph, C.; Angioi, M. Effects of vitamin D supplementation on upper and lower body muscle strength levels in
healthy individuals. A systematic review with meta-analysis. J. Sci. Med. Sport. 2015, 18, 575-580. [CrossRef]

Ceglia, L. Vitamin D and its role in skeletal muscle. Curr. Opin. Clin. Nutr. Metab. Care 2009, 12, 628-633. [CrossRef]

Sakai, S.; Suzuki, M.; Tashiro, Y.; Tanaka, K.; Takeda, S.; Aizawa, K.; Hirata, M.; Yogo, K.; Endo, K. Vitamin D receptor signaling
enhances locomotive ability in mice. |. Bone Miner. Res. 2015, 30, 128-136. [CrossRef]

Van Schoor, N.M.; de Jongh, R.T.; Daniels, ].M.; Heymans, M.W.; Deeg, D.].; Lips, P. Peak expiratory flow rate shows a gender-
specific association with vitamin D deficiency. J. Clin. Endocrinol. Metab. 2012, 97, 2164-2171. [CrossRef] [PubMed]

Girgis, C.M.; Cha, K.M.; Houweling, PJ.; Rao, R.; Mokbel, N.; Lin, M.; Clifton-Bligh, R.J.; Gunton, J.E. Vitamin D Receptor
Ablation and Vitamin D Deficiency Result in Reduced Grip Strength, Altered Muscle Fibers, and Increased Myostatin in Mice.
Calcif. Tissue Int. 2015, 97, 602-610. [CrossRef] [PubMed]

Endo, I; Inoue, D.; Mitsui, T.; Umaki, Y.; Akaike, M.; Yoshizawa, T.; Kato, S.; Matsumoto, T. Deletion of vitamin D receptor gene
in mice results in abnormal skeletal muscle development with deregulated expression of myoregulatory transcription factors.
Endocrinology 2003, 144, 5138-5144. [CrossRef] [PubMed]

Romme, E.A.; Rutten, E.P,; Smeenk, FW.; Spruit, M.A.; Menheere, P.P.; Wouters, E.F. Vitamin D status is associated with bone
mineral density and functional exercise capacity in patients with chronic obstructive pulmonary disease. Ann. Med. 2013, 45,
91-96. [CrossRef]

Ryan, Z.C.; Craig, T.A.; Folmes, C.D.; Wang, X.; Lanza, I.R.; Schaible, N.S.; Salisbury, ].L.; Nair, K.S.; Terzic, A.; Sieck, G.C.; et al.
1a,25-Dihydroxyvitamin D3 Regulates Mitochondrial Oxygen Consumption and Dynamics in Human Skeletal Muscle Cells. J.
Biol. Chem. 2016, 291, 514-528. [CrossRef]

Beaudart, C.; Buckinx, F.; Rabenda, V,; Gillain, S.; Cavalier, E.; Slomian, ].; Petermans, J.; Reginster, ].Y.; Bruyére, O. The effects of
vitamin D on skeletal muscle strength, muscle mass, and muscle power: A systematic review and meta-analysis of randomized
controlled trials. J. Clin. Endocrinol. Metab. 2014, 99, 4336—4345. [CrossRef]

Jackson, A.S.; Shrikrishna, D.; Kelly, J.L.; Kemp, S.V.; Hart, N.; Moxham, J.; Polkey, M.I.; Kemp, P.; Hopkinson, N.S. Vitamin D
and skeletal muscle strength and endurance in COPD. Eur. Respir. J. 2013, 41, 309-316. [CrossRef]

Wu, W.; Zhao, D.; Shah, S.Z.A.; Zhang, X.; Lai, M.; Yang, D.; Wu, X,; Guan, Z; Li, J.; Zhao, H.; et al. OPA1 overexpression
ameliorates mitochondrial cristae remodeling, mitochondrial dysfunction, and neuronal apoptosis in prion diseases. Cell Death
Dis. 2019, 10, 710. [CrossRef]

Montecinos-Franjola, F; Ramachandran, R. Imaging Dynamin-Related Protein 1 (Drp1)-Mediated Mitochondrial Fission in Living
Cells. Methods Mol. Biol. 2020, 2159, 205-217. [CrossRef]

Romanello, V.; Sandri, M. Mitochondrial Quality Control and Muscle Mass Maintenance. Front. Physiol. 2016, 6, 422. [CrossRef]


http://doi.org/10.23736/S0026-4806.22.07879-X
http://www.ncbi.nlm.nih.gov/pubmed/35332756
http://doi.org/10.1249/JES.0000000000000013
http://doi.org/10.1093/ajcn/80.6.1689S
http://doi.org/10.3275/7742
http://doi.org/10.1002/dmrr.3447
http://doi.org/10.1210/en.2015-1685
http://doi.org/10.1055/s-2007-1003699
http://www.ncbi.nlm.nih.gov/pubmed/1650748
http://doi.org/10.1210/en.2011-0159
http://www.ncbi.nlm.nih.gov/pubmed/21673099
http://doi.org/10.1007/s001980200012
http://www.ncbi.nlm.nih.gov/pubmed/11991436
http://doi.org/10.1016/j.annepidem.2007.12.001
http://doi.org/10.1177/1941738112461621
http://doi.org/10.1016/j.jsbmb.2018.12.008
http://doi.org/10.3390/nu5041253
http://doi.org/10.1016/j.jsams.2014.07.022
http://doi.org/10.1097/MCO.0b013e328331c707
http://doi.org/10.1002/jbmr.2317
http://doi.org/10.1210/jc.2011-3199
http://www.ncbi.nlm.nih.gov/pubmed/22472566
http://doi.org/10.1007/s00223-015-0054-x
http://www.ncbi.nlm.nih.gov/pubmed/26340892
http://doi.org/10.1210/en.2003-0502
http://www.ncbi.nlm.nih.gov/pubmed/12959989
http://doi.org/10.3109/07853890.2012.671536
http://doi.org/10.1074/jbc.M115.684399
http://doi.org/10.1210/jc.2014-1742
http://doi.org/10.1183/09031936.00043112
http://doi.org/10.1038/s41419-019-1953-y
http://doi.org/10.1007/978-1-0716-0676-6_16
http://doi.org/10.3389/fphys.2015.00422

Biomedicines 2022, 10, 898 17 of 19

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Barreiro, E.; Peinado, V.I; Galdiz, J.B.; Ferrer, E.; Marin-Corral, ].; Sanchez, E; Gea, ].; Barbera, ].A. ENIGMA in COPD Project.
Cigarette smoke-induced oxidative stress: A role in chronic obstructive pulmonary disease skeletal muscle dysfunction. Am. J.
Respir. Crit. Care Med. 2010, 182, 477-488. [CrossRef] [PubMed]

Lim, S.A.M.; Roche, N.; Oliver, B.G.; Mattos, W.; Barnes, P.J.; Fan Chung, K. Balance of matrix metalloprotease-9 and tissue
inhibitor of metalloprotease-1 from alveolar macrophages in cigarette smokers regulation by interleukin-10. Am. J. Respir. Crit.
Care Med. 2000, 162, 1355-1360. [CrossRef] [PubMed]

Murphy, M.P. Modulating mitochondrial intracellular location as a redox signal. Sci. Signal. 2012, 5, pe39. [CrossRef] [PubMed]
Cesari, M.; Kritchevsky, S.B.; Baumgartner, R.N.; Atkinson, H.H.; Penninx, B.W.; Lenchik, L.; Palla, S.L.; Ambrosius, W.T.; Tracy,
R.P; Pahor, M. Sarcopenia, obesity, and inflammation—Results from the Trial of Angiotensin Converting Enzyme Inhibition and
Novel Cardiovascular Risk Factors study. Am. J. Clin. Nutr. 2005, 82, 428-434. [CrossRef]

De la Fuente, M.; Miquel, ]. An update of the oxidation-inflammation theory of aging: The involvement of the immune system in
oxi-inflamm-aging. Curr. Pharm. Des. 2009, 15, 3003-3026. [CrossRef]

Gonzalez, N.C.; Wood, ].G. Alveolar hypoxia-induced systemic inflammation: What low PO(2) does and does not do. Adv. Exp.
Med. Biol. 2010, 662, 27-32. [CrossRef]

Puig-Vilanova, E.; Rodriguez, D.A.; Lloreta, J.; Ausin, P.; Pascual-Guardia, S.; Broquetas, J.; Roca, J.; Gea, J.; Barreiro, E. Oxidative
stress, redox signaling pathways, and autophagy in cachectic muscles of male patients with advanced COPD and lung cancer.
Free Radic. Biol. Med. 2015, 79, 91-108. [CrossRef]

O’Donnell, C.; Newbold, P.; White, P.; Thong, B.; Stone, H.; Stockley, R.A. 3-Chlorotyrosine in sputum of COPD patients:
Relationship with airway inflammation. COPD 2010, 7, 411-417. [CrossRef]

Caramori, G.; Casolari, P,; Barczyk, A.; Durham, A.L.; Di Stefano, A.; Adcock, I. COPD immunopathology. Semin. Immunopathol.
2016, 38, 497-515. [CrossRef]

Remels, A.H.; Gosker, H.R.; Schrauwen, P.; Hommelberg, P.P.; Sliwinski, P.; Polkey, M.; Galdiz, ].; Wouters, E.F.; Langen, R.C,;
Schols, A.M. TNF-alpha impairs regulation of muscle oxidative phenotype: Implications for cachexia? FASEB ]. 2010, 24,
5052-5062. [CrossRef]

Gorowiec, M.R; Borthwick, L.A.; Parker, S.M.; Kirby, ].A.; Saretzki, G.C.; Fisher, A.]. Free radical generation induces epithelial-
to-mesenchymal transition in lung epithelium via a TGF-1-dependent mechanism. Free Radic. Biol. Med. 2012, 52, 1024-1032.
[CrossRef] [PubMed]

Michaeloudes, C.; Sukkar, M.B.; Khorasani, N.M.; Bhavsar, PK.; Chung, K.F. TGF-f3 regulates Nox4, MnSOD and catalase
expression, and IL-6 release in airway smooth muscle cells. Am. ]. Physiol. Lung Cell. Mol. Physiol. 2011, 300, L295-1L304.
[CrossRef] [PubMed]

Taggart, C.; Cervantes-Laurean, D.; Kim, G.; McElvaney, N.G.; Wehr, N.; Moss, ].; Levine, R.L. Oxidation of either methionine 351
or methionine 358 in alpha 1-antitrypsin causes loss of anti-neutrophil elastase activity. . Biol. Chem. 2000, 275, 27258-27265.
[CrossRef]

Tengan, C.H.; Moraes, C.T. NO control of mitochondrial function in normal and transformed cells. Biochim. Biophys. Acta Bioenerg.
2017, 1858, 573-581. [CrossRef] [PubMed]

Lark, D.S.; Torres, M.]J.; Lin, C.T; Ryan, T.E.; Anderson, E.J.; Neufer, P.D. Direct real-time quantification of mitochondrial oxidative
phosphorylation efficiency in permeabilized skeletal muscle myofibers. Am. ]. Physiol. Cell Physiol. 2016, 311, C239-C245.
[CrossRef] [PubMed]

Boyd, C.S.; Cadenas, E. Nitric oxide and cell signaling pathways in mitochondrial-dependent apoptosis. Biol. Chem. 2002, 383,
411-423. [CrossRef] [PubMed]

Tang, K.; Murano, G.; Wagner, H.; Nogueira, L.; Wagner, P.D.; Tang, A ; Dalton, N.D.; Gu, Y.; Peterson, K.L.; Breen, E.C. Impaired
exercise capacity and skeletal muscle function in a mouse model of pulmonary inflammation. . Appl. Physiol. 1985 2013, 114,
1340-1350. [CrossRef]

Terman, A.; Kurz, T.; Navratil, M.; Arriaga, E.A.; Brunk, U.T. Mitochondrial turnover and aging of long-lived postmitotic cells:
The mitochondrial-lysosomal axis theory of aging. Antioxid. Redox Signal. 2010, 12, 503-535. [CrossRef]

Parameswaran, N.; Patial, S. Tumor necrosis factor-« signaling in macrophages. Crit. Rev. Eukaryot. Gene. Expr. 2010, 20, 87-103.
[CrossRef]

Lavrik, I.; Golks, A.; Krammer, P.H. Death receptor signaling. J. Cell. Sci. 2005, 118, 265-267. [CrossRef]

Roberge, S.; Roussel, J.; Andersson, D.C.; Meli, A.C.; Vidal, B.; Blandel, F; Lanner, J.T.; Le Guennec, ]J.Y,; Katz, A,
Westerblad, H.; et al. TNF-a-mediated caspase-8 activation induces ROS production and TRPM2 activation in adult ventricular
myocytes. Cardiovasc. Res. 2014, 103, 90-99. [CrossRef] [PubMed]

Garcia-Perez, C.; Roy, S.S.; Naghdi, S.; Lin, X.; Davies, E.; Hajnoczky, G. Bid-induced mitochondrial membrane permeabilization
waves propagated by local reactive oxygen species (ROS) signaling. Proc. Natl. Acad. Sci. USA 2012, 109, 4497-4502. [CrossRef]
[PubMed]

Remels, A.H.; Langen, R.C.; Schrauwen, P.; Schaart, G.; Schols, A.M.; Gosker, H.R. Regulation of mitochondrial biogenesis during
myogenesis. Mol. Cell. Endocrinol. 2010, 315, 113-120. [CrossRef] [PubMed]

Levine, S.; Bashir, M.H.; Clanton, T.L.; Powers, S.K.; Singhal, S. COPD elicits remodeling of the diaphragm and vastus lateralis
muscles in humans. J. Appl. Physiol. 2013, 114, 1235-1245. [CrossRef] [PubMed]


http://doi.org/10.1164/rccm.200908-1220OC
http://www.ncbi.nlm.nih.gov/pubmed/20413628
http://doi.org/10.1164/ajrccm.162.4.9910097
http://www.ncbi.nlm.nih.gov/pubmed/11029344
http://doi.org/10.1126/scisignal.2003386
http://www.ncbi.nlm.nih.gov/pubmed/22990116
http://doi.org/10.1093/ajcn/82.2.428
http://doi.org/10.2174/138161209789058110
http://doi.org/10.1007/978-1-4419-1241-1_3
http://doi.org/10.1016/j.freeradbiomed.2014.11.006
http://doi.org/10.3109/15412555.2010.528086
http://doi.org/10.1007/s00281-016-0561-5
http://doi.org/10.1096/fj.09-150714
http://doi.org/10.1016/j.freeradbiomed.2011.12.020
http://www.ncbi.nlm.nih.gov/pubmed/22240154
http://doi.org/10.1152/ajplung.00134.2010
http://www.ncbi.nlm.nih.gov/pubmed/21131394
http://doi.org/10.1016/S0021-9258(19)61505-X
http://doi.org/10.1016/j.bbabio.2017.02.009
http://www.ncbi.nlm.nih.gov/pubmed/28216426
http://doi.org/10.1152/ajpcell.00124.2016
http://www.ncbi.nlm.nih.gov/pubmed/27335172
http://doi.org/10.1515/BC.2002.045
http://www.ncbi.nlm.nih.gov/pubmed/12033432
http://doi.org/10.1152/japplphysiol.00607.2012
http://doi.org/10.1089/ars.2009.2598
http://doi.org/10.1615/CritRevEukarGeneExpr.v20.i2.10
http://doi.org/10.1242/jcs.01610
http://doi.org/10.1093/cvr/cvu112
http://www.ncbi.nlm.nih.gov/pubmed/24802330
http://doi.org/10.1073/pnas.1118244109
http://www.ncbi.nlm.nih.gov/pubmed/22393005
http://doi.org/10.1016/j.mce.2009.09.029
http://www.ncbi.nlm.nih.gov/pubmed/19804813
http://doi.org/10.1152/japplphysiol.01121.2012
http://www.ncbi.nlm.nih.gov/pubmed/23264538

Biomedicines 2022, 10, 898 18 of 19

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Rosa, M.D.; Distefano, G.; Gagliano, C.; Rusciano, D.; Malaguarnera, L. Autophagy in Diabetic Retinopathy. Curr. Neuropharmacol.
2016, 14, 810-825. [CrossRef]

Nakamaru, Y.; Vuppusetty, C.; Wada, H.; Milne, ].C.; Ito, M.; Rossios, C.; Elliot, M.; Hogg, J.; Kharitonov, S.; Goto, H.; et al. A
protein deacetylase SIRT1 is a negative regulator of metalloproteinase-9. FASEB ]. 2009, 23, 2810-2819. [CrossRef]

Barnes, PJ.; Baker, J.; Donnelly, L.E. Cellular Senescence as a Mechanism and Target in Chronic Lung Diseases. Am. J. Respir. Crit.
Care Med. 2019, 200, 556-564. [CrossRef]

Sundar, I.K.; Maremanda, K.P.; Rahman, I. Mitochondrial dysfunction is associated with Miro1 reduction in lung epithelial cells
by cigarette smoke. Toxicol. Lett. 2019, 317, 92-101. [CrossRef]

Marzetti, E.; Calvani, R.; Cesari, M.; Buford, T.W.; Lorenzi, M.; Behnke, B.].; Leeuwenburgh, C. Mitochondrial dysfunction and
sarcopenia of aging: From signaling pathways to clinical trials. Int. ]. Biochem. Cell. Biol. 2013, 45, 2288-2301. [CrossRef]

Yakes, FM.; Van Houten, B. Mitochondrial DNA damage is more extensive and persists longer than nuclear DNA damage in
human cells following oxidative stress. Proc. Natl. Acad. Sci. USA 1997, 94, 514-519. [CrossRef]

Guo, C,; Sun, L.; Chen, X.; Zhang, D. Oxidative stress, mitochondrial damage and neurodegenerative diseases. Neural Regen. Res.
2013, 8, 2003-2014. [CrossRef] [PubMed]

Wang, J.; Aung, L.H.; Prabhakar, B.S.; Li, P. The mitochondrial ubiquitin ligase plays an anti-apoptotic role in cardiomyocytes by
regulating mitochondrial fission. J. Cell. Mol. Med. 2016, 20, 2278-2288. [CrossRef] [PubMed]

Li, Y.P; Chen, Y; John, ].; Moylan, J.; Jin, B.; Mann, D.L.; Reid, M.B. TNF-alpha acts via p38 MAPK to stimulate expression of the
ubiquitin ligase atroginl/MAFbx in skeletal muscle. FASEB ]. 2005, 19, 362-370. [CrossRef] [PubMed]

Mizumura, K.; Cloonan, S.M.; Nakahira, K.; Bhashyam, A.R.; Cervo, M.; Kitada, T.; Glass, K.; Owen, C.A.; Mahmood, A.;
Washko, G.R.; et al. Mitophagy-dependent necroptosis contributes to the pathogenesis of COPD. J. Clin. Investig. 2014, 124,
3987-4003. [CrossRef] [PubMed]

Favaro, G.; Romanello, V.; Varanita, T.; Andrea Desbats, M.; Morbidoni, V.; Tezze, C.; Albiero, M.; Canato, M.; Gherardi, G.; De
Stefani, D.; et al. DRP1-mediated mitochondrial shape controls calcium homeostasis and muscle mass. Nat. Commun. 2019,
10, 2576. [CrossRef] [PubMed]

Lerner, C.A.; Sundar, L.K.; Rahman, I. Mitochondrial redox system, dynamics, and dysfunction in lung inflammaging and COPD.
Int. J. Biochem. Cell. Biol. 2016, 81, 294-306. [CrossRef]

Aravamudan, B.; Kiel, A.; Freeman, M.; Delmotte, P.; Thompson, M.; Vassallo, R.; Sieck, G.C.; Pabelick, C.M.; Prakash, Y.S.
Cigarette smoke-induced mitochondrial fragmentation and dysfunction in human airway smooth muscle. Am. J. Physiol. Lung
Cell. Mol. Physiol. 2014, 306, L840-L854. [CrossRef]

Gomes, L.C.; Scorrano, L. Mitochondrial morphology in mitophagy and macroautophagy. Biochim. Biophys. Acta 2013, 1833,
205-212. [CrossRef]

Dzik, K.P.,; Kaczor, J.J. Mechanisms of vitamin D on skeletal muscle function: Oxidative stress, energy metabolism and anabolic
state. Eur. J. Appl. Physiol. 2019, 119, 825-839. [CrossRef]

Modesti, L.; Danese, A.; Angela Maria Vitto, V.; Ramaccini, D.; Aguiari, G.; Gafa, R.; Lanza, G.; Giorgi, C.; Pinton, P. Mitochondrial
Ca2*Signaling in Health, Disease and Therapy. Cells 2021, 10, 1317. [CrossRef]

Bhat, M.; Ismail, A. Vitamin D treatment protects against and reverses oxidative stress induced muscle proteolysis. J. Steroid.
Biochem. Mol. Biol. 2015, 152, 171-179. [CrossRef] [PubMed]

Van der Meijden, K.; Bravenboer, N.; Dirks, N.E; Heijboer, A.C.; den Heijer, M.; de Wit, G.M.; Offringa, C.; Lips, P; Jaspers, R.T.
Effects of 1,25(OH)2 D3 and 25(0OH)D3 on C2C12 Myoblast Proliferation, Differentiation, and Myotube Hypertrophy. J. Cell.
Physiol. 2016, 231, 2517-2528. [CrossRef] [PubMed]

Seldeen, K.L.; Berman, R.N.; Pang, M.; Lasky, G.; Weiss, C.; MacDonald, B.A.; Thiyagarajan, R.; Redae, Y.; Troen, B.R.; Vitamin, D.
Insufficiency Reduces Grip Strength, Grip Endurance and Increases Frailty in Aged C57Bl1/6] Mice. Nutrients 2020, 12, 3005.
[CrossRef] [PubMed]

Chen, Y,; Li, Q.; Liu, Y,; Shu, L.; Wang, N.; Wu, Y.; Sun, X.; Wang, L. Attenuation of hyperoxia-induced lung injury in neonatal rats
by 1«,25-Dihydroxyvitamin D3. Exp. Lung Res. 2015, 41, 344-352. [CrossRef]

Ke, C.Y,; Yang, EL.; Wu, W.T,; Chung, C.H,; Lee, R.P;; Yang, W.T.; Subeq, Y.M.; Liao, K.W. Vitamin D3 Reduces Tissue Damage and
Oxidative Stress Caused by Exhaustive Exercise. Int. . Med. Sci. 2016, 13, 147-153. [CrossRef]

Srikuea, R.; Hirunsai, M.; Charoenphandhu, N. Regulation of vitamin D system in skeletal muscle and resident myogenic stem
cell during development, maturation, and ageing. Sci. Rep. 2020, 10, 8239. [CrossRef]

Xiang, Y.; Fu, L.; Xiang, H.X.; Zheng, L.; Tan, Z.X.; Wang, L.X.; Cao, W.; Xu, D.X,; Zhao, H. Correlations among Pulmonary
DJ-1, VDR and Nrf-2 in patients with Chronic Obstructive Pulmonary Disease: A Case-control Study. Int. ]. Med. Sci. 2021, 18,
2449-2456. [CrossRef]

Chen, L.; Yang, R.; Qiao, W.; Zhang, W.; Chen, J.; Mao, L.; Goltzman, D.; Miao, D. 1,25-Dihydroxyvitamin D exerts an antiaging
role by activation of Nrf2-antioxidant signaling and inactivation of p16/p53-senescence signaling. Aging Cell 2019, 18, e12951.
[CrossRef]

Mathyssen, C.; Aelbrecht, C.; Serré, J.; Everaerts, S.; Maes, K.; Gayan-Ramirez, G.; Vanaudenaerde, B.; Janssens, W. Local
expression profiles of vitamin D-related genes in airways of COPD patients. Respir. Res. 2020, 21, 137. [CrossRef]

Sinha, A.; Hollingsworth, K.G.; Ball, S.; Cheetham, T. Improving the vitamin D status of vitamin D deficient adults is associated
with improved mitochondrial oxidative function in skeletal muscle. J. Clin. Endocrinol. Metab. 2013, 98, E509-E513. [CrossRef]


http://doi.org/10.2174/1570159X14666160321122900
http://doi.org/10.1096/fj.08-125468
http://doi.org/10.1164/rccm.201810-1975TR
http://doi.org/10.1016/j.toxlet.2019.09.022
http://doi.org/10.1016/j.biocel.2013.06.024
http://doi.org/10.1073/pnas.94.2.514
http://doi.org/10.3969/j.issn.1673-5374.2013.21.009
http://www.ncbi.nlm.nih.gov/pubmed/25206509
http://doi.org/10.1111/jcmm.12914
http://www.ncbi.nlm.nih.gov/pubmed/27444773
http://doi.org/10.1096/fj.04-2364com
http://www.ncbi.nlm.nih.gov/pubmed/15746179
http://doi.org/10.1172/JCI74985
http://www.ncbi.nlm.nih.gov/pubmed/25083992
http://doi.org/10.1038/s41467-019-10226-9
http://www.ncbi.nlm.nih.gov/pubmed/31189900
http://doi.org/10.1016/j.biocel.2016.07.026
http://doi.org/10.1152/ajplung.00155.2013
http://doi.org/10.1016/j.bbamcr.2012.02.012
http://doi.org/10.1007/s00421-019-04104-x
http://doi.org/10.3390/cells10061317
http://doi.org/10.1016/j.jsbmb.2015.05.012
http://www.ncbi.nlm.nih.gov/pubmed/26047554
http://doi.org/10.1002/jcp.25388
http://www.ncbi.nlm.nih.gov/pubmed/27018098
http://doi.org/10.3390/nu12103005
http://www.ncbi.nlm.nih.gov/pubmed/33007912
http://doi.org/10.3109/01902148.2015.1039668
http://doi.org/10.7150/ijms.13746
http://doi.org/10.1038/s41598-020-65067-0
http://doi.org/10.7150/ijms.58452
http://doi.org/10.1111/acel.12951
http://doi.org/10.1186/s12931-020-01405-0
http://doi.org/10.1210/jc.2012-3592

Biomedicines 2022, 10, 898 19 of 19

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Chen, S,; Villalta, S.A.; Agrawal, D.K. FOXO1 Mediates Vitamin D Deficiency-Induced Insulin Resistance in Skeletal Muscle. J.
Bone Miner. Res. 2016, 31, 585-595. [CrossRef] [PubMed]

Manna, P.; Achari, A.E.; Jain, S.K. Vitamin D supplementation inhibits oxidative stress and upregulate SIRT1/AMPK/GLUT4
cascade in high glucose-treated 3T3L1 adipocytes and in adipose tissue of high fat diet-fed diabetic mice. Arch. Biochem. Biophys.
2017, 615, 22-34. [CrossRef] [PubMed]

Wei, H.; Liu, L.; Chen, Q. Selective removal of mitochondria via mitophagy: Distinct pathways for different mitochondrial
stresses. Biochim. Biophys. Acta 2015, 1853, 2784-2790. [CrossRef] [PubMed]

Scarffe, L.A.; Stevens, D.A.; Dawson, V.L.; Dawson, T.M. Parkin and PINK1: Much more than mitophagy. Trends Neurosci. 2014,
37,315-324. [CrossRef] [PubMed]

Zhu, J.; Wang, K.Z.; Chu, C.T. After the banquet: Mitochondrial biogenesis, mitophagy, and cell survival. Autophagy 2013, 9,
1663-1676. [CrossRef] [PubMed]

Eiyama, A.; Okamoto, K. PINK1/Parkin-mediated mitophagy in mammalian cells. Curr. Opin. Cell. Biol. 2015, 33, 95-101.
[CrossRef]

Langen, R.C.; Haegens, A.; Vernooy, ].H.; Wouters, E.E.; de Winther, M.P.; Carlsen, H.; Steele, C.; Shoelson, S.E.; Schols, A.M.
NF-«B activation is required for the transition of pulmonary inflammation to muscle atrophy. Am. J. Respir. Cell Mol. Biol. 2012,
47,288-297. [CrossRef]

Sandri, M.; Lin, J.; Handschin, C.; Yang, W.; Arany, Z.P.,; Lecker, S.H.; Goldberg, A.L.; Spiegelman, B.M. PGC-1alpha protects
skeletal muscle from atrophy by suppressing FoxO3 action and atrophy-specific gene transcription. Proc. Natl. Acad. Sci. USA
2006, 103, 16260-16265. [CrossRef]

Salles, J.; Chanet, A.; Giraudet, C.; Patrac, V.; Pierre, P.; Jourdan, M.; Luiking, Y.C.; Verlaan, S.; Migné, C.; Boirie, Y.; et al.
1,25(OH)2-vitamin D3 enhances the stimulating effect of leucine and insulin on protein synthesis rate through Akt/PKB and
mTOR mediated pathways in murine C2C12 skeletal myotubes. Mol. Nutr. Food Res. 2013, 57, 2137-2146. [CrossRef]

Sandri, M.; Sandri, C.; Gilbert, A.; Skurk, C.; Calabria, E.; Picard, A.; Walsh, K.; Schiaffino, S.; Lecker, S.H.; Goldberg, A.L. Foxo
transcription factors induce the atrophy-related ubiquitin ligase atrogin-1 and cause skeletal muscle atrophy. Cell 2004, 117,
399-412. [CrossRef]

Tran, H.; Brunet, A.; Griffith, E.C.; Greenberg, M.E. The many forks in FOXO'’s road. Sci. STKE 2003, 2003, re5. [CrossRef]
[PubMed]

Kitajima, Y.; Yoshioka, K.; Suzuki, N. The ubiquitin—proteasome system in regulation of the skeletal muscle homeostasis and
atrophy: From basic science to disorders. |. Physiol. Sci. 2020, 70, 40. [CrossRef] [PubMed]

Saline, M.; Badertscher, L.; Wolter, M.; Lau, R.; Gunnarsson, A.; Jacso, T.; Norris, T.; Ottmann, C.; Snijder, A. AMPK and AKT
protein kinases hierarchically phosphorylate the N-terminus of the FOXOL1 transcription factor, modulating interactions with
14-3-3 proteins. J. Biol. Chem. 2019, 294, 13106-13116. [CrossRef] [PubMed]

An, B.S; Tavera-Mendoza, L.E.; Dimitrov, V.; Wang, X.; Calderon, M.R.; Wang, H.J.; White, ].H. Stimulation of Sirtl-regulated
FoxO protein function by the ligand-bound vitamin D receptor. Mol. Cell. Biol. 2010, 30, 4890-4900. [CrossRef]

Camperi, A.; Pin, E; Costamagna, D.; Penna, F; Menduina, M.L.; Aversa, Z.; Zimmers, T.; Verzaro, R.; Fittipaldi, R,;
Caretti, G.; et al. Vitamin D and VDR in cancer cachexia and muscle regeneration. Oncotarget 2017, 8, 21778-21793. [CrossRef]
Correia, ].C.; Ferreira, D.M.; Ruas, J.L. Intercellular: Local and systemic actions of skeletal muscle PGC-1s. Trends Endocrinol.
Metab. 2015, 26, 305-314. [CrossRef]


http://doi.org/10.1002/jbmr.2729
http://www.ncbi.nlm.nih.gov/pubmed/26462119
http://doi.org/10.1016/j.abb.2017.01.002
http://www.ncbi.nlm.nih.gov/pubmed/28063949
http://doi.org/10.1016/j.bbamcr.2015.03.013
http://www.ncbi.nlm.nih.gov/pubmed/25840011
http://doi.org/10.1016/j.tins.2014.03.004
http://www.ncbi.nlm.nih.gov/pubmed/24735649
http://doi.org/10.4161/auto.24135
http://www.ncbi.nlm.nih.gov/pubmed/23787782
http://doi.org/10.1016/j.ceb.2015.01.002
http://doi.org/10.1165/rcmb.2011-0119OC
http://doi.org/10.1073/pnas.0607795103
http://doi.org/10.1002/mnfr.201300074
http://doi.org/10.1016/S0092-8674(04)00400-3
http://doi.org/10.1126/stke.2003.172.re5
http://www.ncbi.nlm.nih.gov/pubmed/12621150
http://doi.org/10.1186/s12576-020-00768-9
http://www.ncbi.nlm.nih.gov/pubmed/32938372
http://doi.org/10.1074/jbc.RA119.008649
http://www.ncbi.nlm.nih.gov/pubmed/31308176
http://doi.org/10.1128/MCB.00180-10
http://doi.org/10.18632/oncotarget.15583
http://doi.org/10.1016/j.tem.2015.03.010

	Introduction 
	Mechanisms Mediating Muscular Wasting in COPD Patients 
	Vitamin D Metabolism and Biological Function in the Muscle 
	Vitamin D Deficiency and Muscle Weakness 
	Mitochondria, Oxidative Stress, and Muscular Wasting in COPD Patients 
	Mitochondrial Alterations and Muscular Wasting in COPD Patients 
	Role of Vitamin D in Anti-Oxidative Mechanisms Implicated in Muscular Wasting in COPD Patients 
	Mitophagy Alterations and Muscular Wasting in COPD Patients 
	Role of Vitamin D in Mitochondrial Biogenesis and Dysfunction in Muscular Wasting of COPD Patients 
	Concluding Remarks and Future Prospective 
	References

