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Abstract: Oxidative stress is a major hallmark of COPD, contributing to inflammatory signaling,
corticosteroid resistance, DNA damage, and accelerated lung aging and cellular senescence. Evidence
suggests that oxidative damage is not solely due to exogenous exposure to inhaled irritants, but
also endogenous sources of oxidants in the form of reactive oxygen species (ROS). Mitochondria,
the major producers of ROS, exhibit impaired structure and function in COPD, resulting in reduced
oxidative capacity and excessive ROS production. Antioxidants have been shown to protect against
ROS-induced oxidative damage in COPD, by reducing ROS levels, reducing inflammation, and
protecting against the development of emphysema. However, currently available antioxidants are
not routinely used in the management of COPD, suggesting the need for more effective antioxidant
agents. In recent years, a number of mitochondria-targeted antioxidant (MTA) compounds have
been developed that are capable of crossing the mitochondria lipid bilayer, offering a more targeted
approach to reducing ROS at its source. In particular, MTAs have been shown to illicit greater
protective effects compared to non-targeted, cellular antioxidants by further reducing apoptosis and
offering greater protection against mtDNA damage, suggesting they are promising therapeutic agents
for the treatment of COPD. Here, we review evidence for the therapeutic potential of MTAs as a
treatment for chronic lung disease and discuss current challenges and future directions.
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1. Introduction

Chronic obstructive pulmonary disease (COPD) is the third most common cause of
death globally [1], with no effective cure. COPD is characterized by the limitation of airflow
in the lungs, which leads to shortness of breath in addition to wheezing, chest tightness,
and ongoing chronic cough [1]. Common pathologies of chronic airway inflammation,
such as bronchitis, airway remodeling, collagen deposition, fibrosis, and mucus hyper-
secretion and/or emphysema, underly the condition [2,3]. Chronic exposure to cigarette
smoke (CS) is the primary cause of COPD, but other causes include long-term exposure
to lung irritants—such as air pollution, chemical fumes, or dust [4,5]. In addition, genetic
risk factors have been identified in COPD, including a-1-antitrypsin deficiency (AATD),
telomeropathies, and several other rare variants, and groups of common variants likely
affect COPD heterogeneity [6-8].

Current treatments available for COPD include the use of bronchodilators [9], inhala-
tion of corticosteroids [10], oxygen therapy, lung transplantation, or reduction surgeries,
which mitigate disease symptoms and help to prevent exacerbations [11,12]. However,
there are no currently available treatments that inhibit the progression or reverse the
features of disease [13], and hence there is an urgent need for novel therapies that can
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prevent the progression of COPD. Although cessation of smoking is highly recommended
for patients at all stages of COPD [14], disease progression fails to halt in the absence of
exogenous stressors, suggesting that additional endogenous factors may underlie disease
pathogenesis [15].

Oxidative stress has been identified as a key mechanism driving the pathogenesis of
COPD, and mitochondria play an important role in these mechanisms through the gener-
ation of endogenous reactive oxygen species (ROS) [15,16]. Emerging evidence suggests
that mitochondrial ROS (mtROS) contributes to widespread mitochondrial dysfunction in
COPD and drives chronic inflammation in the lungs. Thus, therapeutic treatments aimed
at targeting mtROS generation hold great promise for COPD. In this review, we discuss
the role of mitochondria-derived oxidative stress in COPD and the therapeutic efficacy
of MTAs as a treatment for chronic lung disease. Current challenges and new tools for
targeting mtROS are discussed.

2. Oxidative Stress in COPD

Oxidative stress is a key pathological feature of COPD, with numerous studies report-
ing increased levels of oxidative stress markers such as ethane [17], malondialdehyde [18],
hydrogen peroxide [19,20], and 8-isoprostane [21] in the breath of COPD patients. Oxida-
tive stress refers to an imbalance in the production and accumulation of reactive molecules
and free radicals derived from molecular oxygen, collectively referred to as reactive oxy-
gen species (ROS). ROS arises from two sources in COPD; (1) exogenous ROS, which
is caused by chronic inhalation of CS, as well as other environmental factors such as
carbonyls/aldehydes, CO, NO,, SO; etc. [5,22], and (2) endogenous ROS, which predom-
inantly arises from damaged or dysfunctional mitochondria. Numerous studies have
implicated endogenous ROS as a causative feature of COPD, due to the fact that oxida-
tive stress fails to resolve in the absence of exogenous sources of ROS [23]. In line with
this, oxidative stress markers remain elevated in COPD patients who are ex-smokers and
never smokers [15,24], suggesting that endogenous ROS production may drive chronic
deterioration of the lungs.

Mitochondria are the main energy producers of the cell and are also known to be
one of the major sources of ROS (mtROS) [25]. MtROS are generated as by-products of
the electron transport chain (ETC) located on the inner mitochondrial membrane during
oxidative phosphorylation (OXPHOS) [26]. Electron leak from complex I and complex III
of the ETC lead to a partial reduction in oxygen to form superoxide (O~). The sequential
reduction in oxygen through the addition of electrons leads to the formation of several
types of ROS including superoxide (O, ), hydrogen peroxide (H;O;), hydroxyl radical
(OH), hydroxyl ion (OH™), and nitric oxide (NO) [27,28], leading to protein, lipid, and
DNA damage.

Although normal levels of ROS play a crucial role in maintaining homeostatic pro-
cesses, such as autophagy, pathogen killing, and resolution of inflammation [23,29-31],
excessive ROS production causes damage to various cellular structures and has been
shown to exacerbate COPD progression. For instance, ROS can lead to extracellular matrix
(ECM) and blood vessel remodeling, mucus hypersecretion, as well as apoptosis [32,33]
and senescence [34,35]. ROS have also been shown to inactivate growth factors in COPD,
such as transforming growth factor beta (TGFf3), thus increasing fibrosis and activating
matrix metalloproteinases (MMP) [36]. Conversely, mtROS inhibition has been shown to
reduce airway hyperresponsiveness (AHR) and lung inflammation in mouse models of
COPD [25,37], suggesting it plays a central role in the disease pathogenesis.

Recent studies have implicated mtROS production as important regulators of immune
processes [38]. In line with this, endogenous ROS in the airways is primarily released from
inflammatory cells such as macrophages, neutrophils, as well as epithelial and endothelial
cells. Cigarette smoke (CS) triggers alveolar macrophages to produce ROS and subse-
quently releases mediators that attracts neutrophils and other inflammatory cells in the
lungs [15,39]. ROS has been suggested to initiate a cascade of inflammatory responses in
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the lungs via activation of transcription factors such as nuclear factor (NF)-kB and activator
protein (AP)-1, along with other signal transduction pathways including mitogen-activated
protein kinases (MAPK) and phospoinositide-3-kinase (PI3K), resulting in increased pro-
inflammatory factors [40—43]. In addition, oxidative stress in the lungs regulates nuclear
histone modification such as methylation, acetylation, and phosphorylation that is sug-
gested to cause chromatin remodeling, recruitment of basal transcription factors, and RNA
polymerase 1I, leading to increased pro-inflammatory responses [40-42]. Studies have
reported that CS-induced mtROS in COPD patients contributes to an alteration in mito-
chondrial fission and fusion proteins [44—46], increased oxidative stress gene signatures [47],
lower mitochondrial membrane potential and ATP levels [48], impaired mitophagy and
concomitant aggregation of damaged and dysfunctional mitochondria [35,49,50], and necro-
sis [51-53]. In line with this, immune cells in COPD exhibit altered metabolic function,
including glycolysis and fatty acid oxidation [54-58], which are important processes re-
quired for ATP production to fuel energy demanding immune functions [59]. Subsequently,
immune cells in COPD exhibit impaired immune functions, including phagocytosis, altered
viral response, and increased cytokine production [60-62], suggesting a self-perpetuating
cycle in which ROS exposure both initiates and maintains mitochondrial and immune cell
dysfunction in COPD, contributing to widespread destruction of the airways.

The primary mechanism of ROS elimination is via endogenous antioxidant defense
mechanisms, including antioxidant enzymes such as superoxide dismutases and catalase,
and via direct antioxidants such as vitamin E, and glutathione (GSH). These antioxidants
play a crucial role in reducing mtROS levels, by preserving the oxide/reduction equilibrium
in the cell. However, the excessive generation of ROS in COPD leads to an imbalance
between the rate of their formation and the antioxidant capacity. For instance, GSH is
reduced in COPD patients and smokers [63—65], and correlates with disease severity [66].
Genetic studies have identified an association between extracellular superoxide dismutase
(ECSOD) polymorphisms and the risk of developing COPD [67]. Furthermore, transcription
factors FOXO3a and NRF2 are reduced in COPD patients, leading to downregulation of
antioxidant genes [68,69]. Although some studies have reported increased antioxidant
levels in smokers [70], these levels were unable to prevent the development of COPD [71],
suggesting that these levels are either insufficient or easily overwhelmed by excessive ROS
production [72]. Thus, therapeutic strategies aimed at enhancing antioxidant production
and capacity are of great interest in COPD.

3. Non-Targeted Antioxidants in COPD

Due to the detrimental role that ROS plays in COPD pathogenesis, there is widespread
interest in the use of conventional (non-targeted) antioxidants as a strategy for reducing ox-
idative stress in COPD. These include thiol-based antioxidant compounds (N-acetylcysteine
(NAC) and carbocisteine), dietary antioxidants (vitamin C, vitamin E, resveratrol, and
flavonoids), NADPH oxidase (NOX)inhibitors, and other small molecule antioxidants
(reviewed in [15,73]). Indeed, non-targeted antioxidants have been shown to reduce in-
flammation, reduce oxidative stress, and attenuate cigarette smoke-induced changes in
lung function in animal models of COPD and cells isolated from COPD patients [74-76].
However, despite the beneficial effects of non-targeted antioxidants in pre-clinical models
of COPD, clinical trials in patients with COPD have produced contradictory results, and
few have made it into clinical practice. For instance, whereas several small studies of NAC
treatment in COPD patients reported reduced exacerbations, a larger clinical trial in 523 pa-
tients with COPD reported no reduction in exacerbations or disease progression following
NAC treatment [77]. Two other thiol-based compounds, carbocisteine and erdosteine, have
shown modest effects in reducing exacerbations in COPD patients [78-80]. However, these
reductions only applied to mild exacerbations (but not moderate or severe), and benefits
were only observed in conjunction with other treatments [81]. Studies investigating dietary
supplementation with antioxidants have reported correlation and association with lung
function parameters (reviewed by [82]), but largely reported no benefits on symptoms, lung
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function, or hospitalization for COPD [83]. Furthermore, dietary antioxidant supplementa-
tion has been linked to adverse effects and in some cases increases the risk of lung disease.
For instance, studies have reported that lung cancer incidence was increased following
[3-carotene [84-86] and retinol supplementation [87]. Given the common environmental
and genetic risk factors underlying both lung cancer and COPD [88], these findings suggest
that these supplements may also exert harmful effects in COPD. This may be due to the
possibility that dietary antioxidant supplementation may interfere with the absorption,
transport, and metabolism of carotenoids and other micronutrients, thus increasing the
risk of lung cancer [87,88]. In particular, higher concentrations of antioxidants have been
suggested to be detrimental (reviewed in [89]). High-dose antioxidant exposure may inter-
fere with the normal physiological roles of ROS required for tissue homeostasis, including
autophagy, pathogen killing, and resolution of inflammation [23,29,30], or induce detrimen-
tal compensatory mechanisms, such as upregulation of mitogen-activated protein kinase
(MAPK) pathways [90]. Overall, non-targeted antioxidants show only modest benefits
in COPD patients, with no effect on lung function or disease progression, and high-dose
supplementation may be detrimental. Current use of non-targeted antioxidants in COPD
is hampered by their limited specificity in targeting ROS at its source, lack of knowledge
concerning the optimal dose, and possible interference with physiologic processes, thus
limiting their use in clinical settings.

4. Mitochondria-Targeted Antioxidants in COPD

Given that non-targeted antioxidants have largely failed to produce clinically relevant
benefits in COPD patients, research is ongoing to develop novel mitochondria-targeted
antioxidants (MTAs). These antioxidants are conjugated with a carrier, such as lipophilic
cations, liposomes, or peptides, which enable the targeted delivery of bioactive ingredients
into the mitochondria [91]. This mitochondria-specific transport enables the accumulation
of high concentrations of antioxidants at the source of ROS generation, thus allowing for
optimized dosing and specificity. Broadly, MTAs can be divided into four groups that are
as follows: lipophilic cation-linked MTAs; liposome-encapsulated MTAs; peptide-based
MTAs; and Manganese (Mn) Porphyrin-based MTAs [91] (Table 1). In this section, we will
discuss currently available MTAs and their therapeutic potential for patients with COPD.

Table 1. Mitochondria-targeted antioxidants and their mode of action.

Type Mode of Action

Different antioxidants such as Ubiquinone,
plastoquinone, piperidine nitroxides, and
o-tocopherol are linked to lipophilic cations such as
TPP. The positive charge of lipophilic cations results in
the preferential accumulation of these antioxidants in
mitochondria.

These are small, positively charged peptides with
alternating aromatic residues and basic amino acids.

Peptide-Based MTAs The tyrosine or dimethyl-tyrosine residues present in
these peptides are responsible for free radical
scavenging properties.
Mn (IIT) Porphyrin-based MTAs These are superoxide dismutase mimics.
Different antioxidants such as quercetin, resveratrol,
curcumin, etc. are encapsulated in liposomes. This
Liposome-encapsulated MTAs results in increased cellular uptake through
micropinocytosis and mitochondrial transfer through
membrane fusion.

Lipophilic cation-linked MTAs

4.1. Lipophilic Cation-Linked MTAs

The mitochondrial membrane potential is generated by mitochondrial complexes in
the inner mitochondrial membrane (IMM) and is required for oxidative phosphorylation
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and ATP generation. In general, mitochondria maintain a strong negative potential, approx-
imately —180 mv, which makes the inner mitochondrial membrane impermeable to the
passive diffusion of compounds [92]. Interestingly, this physical property of the IMM has
been utilized to develop different lipophilic cation-linked MTAs [93]. A lipophilic cation
such as triphenyl phosphonium (TPP) is conjugated with the selected target antioxidant.
TPP, being lipophilic and positively charged, quickly passes through the lipid bilayer and
is preferentially accumulated in the negatively charged mitochondrial matrix [94]. To date,
multiple lipophilic cation-linked MTAs have been developed. The following are the most
studied.

4.1.1. MitoQ: MitoQ Is a Conjugation of TPP and Ubiquinone

Mitochondrial ubiquinone is a respiratory chain component in the lipid core of the
IMM. It accepts two electrons from complexes I or II and is reduced to ubiquinol [95].
Multiple studies have shown that the ubiquinone pool is depleted with aging and under
diseased conditions, and supplementation with ubiquinone improves mitochondrial func-
tion, reduces free radical production, and decreases lipid peroxidation [96-98]. However,
unconjugated ubiquinone has low water solubility making its cellular uptake slow. Conju-
gating TPP leads to rapid accumulation of ubiquinone in mitochondria [99], thus reducing
mitochondrial oxidative stress.

Several in vitro studies have revealed protective effects of MitoQ using cells from
COPD patients, or in response to cigarette smoke extract (CSE) exposure. MitoQ has been
found to reduce CSE-induced ROS levels and attenuate autophagy in human umbilical vein
endothelial cells (HUVECs) [100] and Beas-2B cells [52], potentially via inhibiting PINK1
stabilization and consequent DRP1 phosphorylation [52]. MitoQ restored endothelial bar-
rier integrity, as well as decreased inflammation by the NF-«kB and NLRP3 inflammasome
pathways in endothelial cells [100]. Both MitoQ and Tiron attenuated the proliferation of
airway smooth muscle (ASM) cells from human patients with COPD, and Tiron further
attenuated cytokine secretion in these cells [25].

In line with these findings, pre-clinical studies using animal models of COPD have
reported therapeutic effects of MTAs in vivo. For instance, the treatment of mice with
MitoQ reversed airway hyperresponsiveness (AHR), reduced total BAL cell counts, restored
mitochondrial membrane potential, and reduced ROS levels in an ozone-induced model
of COPD [25]. Another recent study showed that treatment of mice with MitoTEMPO
reduced lung inflammation scores, attenuated inflammatory cytokine levels, and reduced
serum 8-OHdG and mtROS levels in 0zone-exposed mice [37]. In addition, this same study
showed that MitoTEMPO treatment inhibited the expression of mitochondrial complex II
and IV in lung tissue, and also inhibited the expression of mitochondrial fission/fusion-
related proteins DRP1 and MFF, as well as NLRP3. However, no effect of MitoTEMPO on
lung function was observed. Taken together, promising data from both in vitro and in vivo
studies suggest that MTA exert beneficial effects in COPD, and the translational potentials
of MTAs in clinical trials warrants further investigation (Figure 1).

MitoQ is currently the only commercially available MTA (available as a dietary sup-
plement) and has shown significant success in Phase II clinical trials for patients with
hypertension [101], Parkinson’s [102], and liver disease [103]. In addition, MitoQ has been
shown to improve motor function [104] and vascular function in healthy older adults [105].
A 2019 study by Kwon and colleagues reported protective effects of MitoQ) on measures
of vascular function and hyperemic response to both single and continuous passive leg
movement in COPD patients [106], suggesting that MitoQ is a promising approach to com-
bat cardiovascular disease in patients with COPD. However, no effects on exacerbations
or lung function were reported. Two clinical studies investigating the effects of MitoQ in
COPD patients are currently in progress [107,108], and there are additional ongoing clinical
studies investigating MitoQ in other lung diseases, including asthma (NCT04026711), cystic
fibrosis (NCT02690064), COVID-19 (NCT05373043, NCT05381454), and respiratory viral
infections (NCT05381454) (Table 2). The results of these studies will be highly informative
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about the potential therapeutic efficacy of MTAs in COPD moving forward. One of the
biggest challenges in clinical trials using MitoQ is establishing the optimal drug dose and
standardizing treatment methodology. Thus, in current and ongoing clinical studies of
MitoQ in COPD, establishing standardized dosing will be of significant clinical importance.
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Figure 1. Therapeutic effects of mitochondria-targeted antioxidants in COPD. Endogenous exposure
to oxidants triggers endogenous mtROS production in COPD. In vitro studies using cells from
COPD patients, or in response to cigarette smoke (CS) exposure, have reported protective effects
on mitochondrial ROS levels, fission and fusion, mitophagy, MMP, as well as inflammation and
cytokine secretion. Abbreviations: ROS: reactive oxygen species; mtROS: mitochondrial ROS; MMP:
mitochondrial membrane potential.

Table 2. Mitochondria-targeted antioxidants in clinical trials for chronic lung disease.

ClinicalTrial.gov

Intervention Condition Effects Status Phase e Ref
Identifier
MitoQ COPD N/A Ongoing N/A NCT05605548 [107]
MitoQ COPD N/A Ongoing 1 NCT02966665 [108]
. . Enhanced FMD
MitoQ COPD . Enhanced PLM and LBF Completed [106]
MitoQ Asthma N/A Ongoing 1 NCT04026711 [109]
MitoQ CF N/A Ongoing N/A NCT02690064 [110]
Mito-Q + Exercise ~ COVID-19 N/A Ongoing N/A NCT05373043 [111]
MitoQ COVID-19 N/A Ongoing 1/2 NCTO05381454 [110]
. Respiratory Viral .
MitoQ Infections N/A Ongoing 1/2 NCTO05381454 [110]

Abbreviations: FMD: flow-mediated vasodilation; PLM: passive leg movement; LBF: leg blood flow; CF: cystic
fibrosis.

4.1.2. SkQ1 and SKQR1

SkQs are a subclass of MTAs consisting of plastoquinone, an electron carrier and an-
tioxidant, conjugated with TPP to obtain SkQ1 or its analog plastoquinonyl decylrhodamine
19 (SkQR1). Studies have shown that plastoquinone may exert improved antioxidant effects
compared to ubiquinone. SkQ1 exerts antioxidant effects at lower concentrations than
MitoQ in vitro [112]. Further, the “window” between anti- and pro-oxidant concentrations
of SkQ1 and SkQR1 is much larger than MitoQ, thus reducing the risk of off-targeted
effects [113]. Treatment with SkQ1 significantly ameliorated defective phagocytosis in
monocyte-derived macrophages (MDMs) generated from COPD patients [114]. A phase 2
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clinical trial has already been conducted with SKQ1 against Keratoconjunctivitis Sicca. The
study shows that SkQ1 treatment improves the functional state of the cornea by reducing
dry eye symptoms such as dryness, burning, grittiness, and blurred vision [115,116]. There
are currently no clinical trials on SkQ1 or SKQR1 in COPD.

4.1.3. MitoTEMPOL and MitoTEMPO

MitoTEMPO and MitoTEMPOL are the piperidine nitroxides 4-hydroxy-2,2,6,6-
tetramethylpiperidine-1-oxy (TEMPOL) and 2,2,6,6-tetramethylpiperidine-1-oxy (TEMPO)
linked to TPP [117]. Invitro studies have shown that these compounds are intercon-
verted into the nitroxide and the oxoammonium forms and act as superoxide dismutase
mimic [118]. Growing reports suggest that treatment with MitoTEMPO or MitoTEMPOL
reduces free radical production, lipid peroxidation, oxidative stress, and inflammation in a
wide range of different disorders [119-121]. MitoTEMPO has been shown to exert protec-
tive effects in vitro by reducing CSE-induced ROS levels and attenuating mitochondrial
fragmentation in HBECs [45] and human pulmonary artery smooth muscle cells [122], as
well as reducing neutrophil extracellular traps (NETs) formation in polymorphonuclear
neutrophils isolated from the peripheral blood of COPD patients [123].

4.1.4. MitoVitE

MitoVitE is a conjugate of vitamin E (Vit-E) attached to a TPP cation [124]. Vit-E, or
x-tocopherol, is a potent antioxidant in the IMM. The phenolic group of the chromanol
ring present in vit-E donates hydrogen to the free peroxyl and alkoxyl radicals generated
during lipid peroxidation and oxidative phosphorylation, thus acting as a free radical
scavenger [125,126]. The antioxidant and anti-inflammatory potential of MitoVitE has
been reported in preclinical studies in different disorders, including pneumonia-related
sepsis [127], and neuropathic pain [128], but no studies have yet been conducted in COPD.

4.2. Peptide-Based MTAs

Mitochondria-targeted peptides, also known as SS (Szeto—Schiller) peptides, are novel
antioxidants that target mitochondria-associated oxidative stress. Structurally, they consist
of alternating aromatic residues and basic amino acids (aromatic-cationic peptides). The
tyrosine or dimethyl-tyrosine residues present in these peptides are responsible for free
radical scavenging properties. S5-01 (H-Tyr-D-Arg-Phe-Lys-NHy), 2. S5-02 (H-Dmt-D-Arg-
Phe-Lys-NHj), S520 (H-Phe-D-Arg-Phe-Lys-NHy), and SS31 (H-D-Arg-Dmt-Lys-Phe-NHj;)
are the different types of SS peptides that are generated, and SS31 is most studied among
them [129]. The main advantages of SS peptides over the TPP-like MTAs are that their
cellular uptake is energy independent, and their uptake in mitochondpria is independent of
MMP [130]. A large body of evidence shows that SS31 treatment reduces ROS production,
improves mitochondrial functioning, and prevents mitochondrial structural changes and
phospholipid oxidation in different disorders [131-134]. SS-31 has also been shown to be
safely tolerated and exert protective effects in phase I clinical trials of patients with heart
failure [135] and phase 1II trials of reperfusion injury patients [136]. Despite this, there are
currently no clinical trials on peptide-based MTAs in COPD patients.

4.3. Mn (1II) Porphyrin-Based MTAs

Cationic Mn (IIT) N-substituted pyridyl porphyrins are superoxide dismutase mim-
ics known to alleviate the superoxide stress. MnTE-2-PyP5*, MnTnHex-2-PyP5*, and
MnTnBuOE-2-PyP5* are the most important Mn (III) Porphyrins (MnPs) that have been
studied. Studies show that the positive charge and the lipophilic alkyl chains direct the
preferential accumulation of these compounds in mitochondria [137]. In addition to their
role as free radical scavengers, MnPs are known to modulate the activity of transcription
factors such as nuclear factor kB, nuclear factor E2-related factor 2, and hypoxia-inducible
factor [138-140]. Clinical trials are already ongoing utilizing MnTnBuOE-2-PyP5" against
Squamous Cell Carcinoma and Anal Cancer (NCT03386500).
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4.4. Liposome-Encapsulated MTAs

Liposomes are lipid bilayer membrane vesicles used as nanocarriers for drug or
bioactive substance delivery to cells. The advantage of liposome encapsulation is that it
does not alter the activity or structure of the bioactive substance to be delivered. Liposome-
encapsulated MTAs enter the cells through micropinocytosis. Following entry through
macropinosomes disruption, mitochondrial membrane fusion occurs, and the antioxidant
is delivered to the mitochondrial matrix [92,141]. So far, different antioxidants such as
quercetin, resveratrol, curcumin etc., have been liposome encapsulated and tested against
various pathological conditions [142-144], and improved therapeutic effects of encapsulated
antioxidants compared to non-encapsulated ones have been reported [145,146]. However,
to date, no studies have tested the therapeutic efficacy of liposome-encapsulated MTAs
in COPD.

5. Non-Targeted versus Mitochondria-Targeted Antioxidants

In general, MTAs are thought to confer greater protection against oxidative stress
compared to untargeted antioxidants. For instance, Kolosova and colleagues compared the
effects of the MTA SkQ1 with NAC on markers of aging in senescence-accelerated OXYS
rats and found that SkQ1 prevented age-related decline to a greater degree compared to
NAC, despite the higher dose of NAC used [141]. Similarly, Jauslin and colleagues reported
that MitoQ and MitoVitE were several hundredfold more potent in protecting Friedreich
Ataxia fibroblasts against oxidative stress compared to the untargeted antioxidants Trolox
and idebenone [147]. Consistent with this, Oyewole and colleagues reported that MitoQ
and Tiron elicited greater protection against UVA and H,O,-induced mitochondrial DNA
(mtDNA) damage in human dermal fibroblasts, compared to nontargeted antioxidants
(resveratrol, curcumin, and N-acetyl cysteine) [148]. The reason for the superior effects of
MTAs over nontargeted antioxidants has largely been attributed to their efficient pharma-
cokinetics, better absorption rate, and specific targeting of ROS at its source, thus allowing
for more optimal dosing and less non-specific effects [91,145,149].

6. Limitations and Future Perspectives for MTAs in COPD

Despite the promising results from MTA use in pre-clinical models of COPD, these
compounds exhibit several limitations, which may hamper their translational potential.
For instance, the method by which mitochondria are targeted by MTAs is important as
it can produce potential off target effects. TPP, being lipophilic and positively charged,
quickly passes through the lipid bilayer and is preferentially accumulated in the negatively
charged mitochondrial matrix [94]. However, the TPP moiety of MTAs has been shown to
inhibit oxidative phosphorylation independent of antioxidant effects [146], and both the
TPP-conjugated MTAs MitoQ and SkQ1 were reported to impair mitochondrial function
in vitro [94,150]. It should be noted that the concentrations of MTAs used in these studies
were significantly larger than those associated with beneficial effects in vivo, and thus their
potential effects in disease models are unclear. Since the TPP-conjugated MTAs MitoQ and
SKQ1 can also impair mitochondprial function at higher concentrations, it is important to
understand their dose-response effects.

Paradoxically, these types of carriers, which otherwise are essential to facilitate MTA
accumulation inside the mitochondria, can also impair their uptake in damaged cells.
Targeting of the mitochondria using lipophilic cations requires the presence of an intact
MMP for mitochondrial localization [151]. However, it is well established that MMP is
reduced in a range of cell types in COPD [152,153]. This can result in MTAs selectively
targeting healthy cells where the MMP is intact instead of cells involved in the aberrant
production of mtROS. This could destabilize mtROS homeostasis required for healthy cell
function and have unintended detrimental effects.

To prevent the adverse effects of the TPP-conjugated MTAs, newer approaches in
targeting mitochondria have been investigated that do not rely on exploiting the mitochon-
drial potential. For instance, peptide-based MTAs such as S5-31 have been developed,
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using Szeto-Schiller (SS) tetrapeptides, whose cellular uptake is energy independent and
does not rely on MMP [130]. Nonetheless, as the TPP-based compound MitoQ is the most
widely studied MTA and is currently the only compound being tested in clinical trials of
COPD, further studies are needed to compare the safety and efficacy of SS-31 with other
MTAs, such as MitoQ. In addition, alternate approaches to targeting mitochondria have
been suggested, such as liposome-encapsulated MTAs and polymer-based nanocarriers
and nanoparticles [149,154,155].

Another potential limitation of MTAs that has thus far not been studied in the context
of COPD is their interference with physiological ROS functions. A commonly reported issue
with nontargeted antioxidant use is that they may also impair the homeostatic functions
of ROS, such as autophagy, pathogen killing, and resolution of inflammation [23,29-31].
Furthermore, heterogenous ROS are observed in COPD, and specific ROS subtypes may
play a larger role in detrimental disease features. Thus, the generation of novel MTAs
directed at targeting specific detrimental ROS subpopulations is a promising avenue for
drug development.

MTAs are often dispersed throughout the body, despite the fact that oxidative damage
is predominantly localized to the lung in COPD. Consequently, concentrations of MTAs
in the lung of COPD patients may be inadequate, and optimal dosing may be difficult to
achieve. Again, nanocarriers may present a promising way to combat these limitations,
as MTAs can be loaded into nanosized drug carriers that can be engineered to selectively
accumulate in specific disease sites/tissues [156].

Finally, obtaining conclusive evidence from clinical trials in COPD has been historically
limited by inconsistent methodology. As outlined previously, there are a range of known
causes of COPD that produce different phenotypes of disease [4], and often studies exhibit
differences in treatment doses, administration, and disease stage. Future studies and trials
should attempt to minimize uncertainty by addressing these issues and targeting cohorts
with similar COPD phenotypes. Overall, pre-clinical data using animal and cellular models
suggest that MTAs exert beneficial effects in COPD, and MitoQ has been shown to be safely
tolerated and improves vascular dysfunction in COPD patients. However, clinical studies
testing MTAs are still in phase 1, and thus further testing is needed to ascertain the clinical
significance of these compounds for COPD.

7. Conclusions

MTAs have shown promise as effective therapeutics in in vitro and ex vivo models as
well as pre-clinical animal models of COPD and warrant further investigation in clinical
trials. Currently, human clinical trials on MTAs in COPD and other chronic lung diseases
are still ongoing and their findings will provide critical information on the future use of
MTAs as a treatment for COPD. Alongside these trials, various issues should be addressed,
including a better understanding of the most relevant oxidation pathways in COPD, stan-
dardized dosing, and the mechanistic role of MTAs in physiologic ROS processes. Thus, to
fully capitalize on the potential therapeutic benefits of MTAs, more translational research
in human patients with COPD is required to test the feasibility of transitioning from bench
to bedside.

Author Contributions: Conceptualization, L.H.E,, S.D., V.D. and PM.H.; writing—original draft
preparation, LH.F,, S.D., V.D,, KJ.H., RW. and G.M.; writing—review and editing, LH.F, S.D.,
V.D, N.A, KJ.H., RW. and G.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Figure created with BioRender.com.



Antioxidants 2023, 12,973 10 of 16

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.
16.
17.

18.

19.

20.

21.

22.

23.

Berry, C.E.; Wise, R.A. Mortality in COPD: Causes, risk factors, and prevention. COPD ]. Chronic Obstr. Pulm. Dis. 2010, 7, 375-382.
[CrossRef] [PubMed]

Mannino, D.M.; Kiri, V.A. Changing the burden of COPD mortality. Int. J. Chronic Obstr. Pulm. Dis. 2006, 1, 219. [CrossRef]
[PubMed]

Beckett, E.L.; Stevens, R.L.; Jarnicki, A.G.; Kim, R.Y.; Hanish, I.; Hansbro, N.G.; Deane, A ; Keely, S.; Horvat, ].C.; Yang, M.; et al. A
new short-term mouse model of chronic obstructive pulmonary disease identifies a role for mast cell tryptase in pathogenesis. J.
Allergy Clin. Immunol. 2013, 131, 752-762.e7. [CrossRef] [PubMed]

Brashier, B.B.; Kodgule, R. Risk factors and pathophysiology of chronic obstructive pulmonary disease (COPD). J. Assoc. Physicians
India 2012, 60, 17-21.

Adeloye, D.; Song, P.; Zhu, Y.; Campbell, H.; Sheikh, A.; Rudan, I. Global, regional, and national prevalence of, and risk factors
for, chronic obstructive pulmonary disease (COPD) in 2019: A systematic review and modelling analysis. Lancet Respir. Med. 2022,
10, 447-458. [CrossRef]

Holm, K.E; Borson, S.; Sandhaus, R.A.; Ford, D.W,; Strange, C.; Bowler, R.P.; Make, B.].; Wamboldt, ES. Differences in Adjustment
between Individuals with Alpha-1 Antitrypsin Deficiency (AATD)-Associated COPD and Non-AATD COPD. COPD . Chronic
Obstr. Pulm. Dis. 2013, 10, 226-234. [CrossRef]

Craig, T.].; Henao, M.P. Advances in managing COPD related to «1-antitrypsin deficiency: An under-recognized genetic disorder.
Allerqy 2018, 73, 2110-2121. [CrossRef]

Cho, M.H.; Hobbs, B.D; Silverman, E.K. Genetics of chronic obstructive pulmonary disease: Understanding the pathobiology
and heterogeneity of a complex disorder. Lancet Respir. Med. 2022, 10, 485-496. [CrossRef]

Tashkin, D.P,; Cooper, C.B. The Role of Long-Acting Bronchodilators in the Management of Stable COPD. Chest 2004, 125, 249-259.
[CrossRef]

Nielsen, L.P,; Dahl, R. Therapeutic ratio of inhaled corticosteroids in adult asthma: A dose-range comparison between fluticasone
propionate and budesonide, measuring their effect on bronchial hyperresponsiveness and adrenal cortex function. Am. J. Respir.
Crit. Care Med. 2000, 162, 2053-2057. [CrossRef]

Crim, C.; Calverley, PM.A.; Anderson, J.A.; Celli, B.; Ferguson, G.T.; Jenkins, C.; Jones, PW.; Willits, L.R.; Yates, J.C.; Vestbo, J.
Pneumonia risk in COPD patients receiving inhaled corticosteroids alone or in combination: TORCH study results. Eur. Respir. ].
2009, 34, 641-647. [CrossRef]

Rossi, A.; Guerriero, M.; Corrado, A. Withdrawal of inhaled corticosteroids can be safe in COPD patients at low risk of
exacerbation: A real-life study on the appropriateness of treatment in moderate COPD patients (OPTIMO). Respir. Res. 2014, 15,
1-12. [CrossRef]

King, P.T. Inflammation in chronic obstructive pulmonary disease and its role in cardiovascular disease and lung cancer. Clin.
Transl. Med. 2015, 4, 1-13. [CrossRef]

Zuo, L.; He, E; Sergakis, G.G.; Koozehchian, M.S.; Stimpfl, ] N.; Rong, Y.; Diaz, P.T.; Best, T.M. Interrelated role of cigarette
smoking, oxidative stress, and immune response in COPD and corresponding treatments. Am. . Physiol. Lung Cell Mol. Physiol.
2014, 307, L.205-1.218. [CrossRef]

Barnes, PJ. Oxidative Stress in Chronic Obstructive Pulmonary Disease. Antioxidants 2022, 11, 965. [CrossRef]

Barnes, PJ. Oxidative stress-based therapeutics in COPD. Redox Biol. 2020, 33, 101544. [CrossRef]

Paredi, P.; Kharitonov, S.A.; Leak, D.; Shah, PL.; Cramer, D.; Hodson, M.E.; Barnes, P.J. Exhaled Ethane Is Elevated in Cystic
Fibrosis and Correlates with Carbon Monoxide Levels and Airway Obstruction. Am. J. Respir. Crit. Care Med. 2000, 161 Pt 1,
1247-1251. [CrossRef]

Bartoli, M.L.; Novelli, F.; Costa, F.; Malagrino, L.; Melosini, L.; Bacci, E.; Cianchetti, S.; Dente, FL.; Di Franco, A.; Vagaggini, B.;
et al. Malondialdehyde in Exhaled Breath Condensate as a Marker of Oxidative Stress in Different Pulmonary Diseases. Mediat.
Inflamm. 2011, 2011, 891752. [CrossRef]

Dekhuijzen, PN.; Aben, K.; Dekker, I.; Aarts, L.; Wielders, P.; Van Herwaarden, C.; Bast, A. Increased exhalation of hydrogen
peroxide in patients with stable and unstable chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 1996, 154,
813-816. [CrossRef]

Nowak, D.; Kasielski, M.; Antczak, A.; Pietras, T.; Bialasiewicz, P. Increased content of thiobarbituric acid-reactive substances and
hydrogen peroxide in the expired breath condensate of patients with stable chronic obstructive pulmonary disease: No significant
effect of cigarette smoking. Respir. Med. 1999, 93, 389-396. [CrossRef]

Montuschi, P;; Kharitonov, S.A.; Ciabattoni, G.; Corradi, M.; Van Rensen, L.; Geddes, D.M.; Hodson, M.E.; Barnes, P.J. Exhaled
8-isoprostane as a new non-invasive biomarker of oxidative stress in cystic fibrosis. Thorax 2000, 55, 205-209. [CrossRef] [PubMed]
Boukhenouna, S.; Wilson, M.A.; Bahmed, K.; Kosmider, B. Reactive Oxygen Species in Chronic Obstructive Pulmonary Disease.
Oxidative Med. Cell Longev. 2018, 2018, 1-9. [CrossRef] [PubMed]

Vézina, F-A.; Cantin, A.M. Antioxidants and Chronic Obstructive Pulmonary Disease. Chronic Obstr. Pulm. Dis. ]. COPD Found.
2018, 5, 277-288. [CrossRef] [PubMed]


https://doi.org/10.3109/15412555.2010.510160
https://www.ncbi.nlm.nih.gov/pubmed/20854053
https://doi.org/10.2147/copd.2006.1.3.219
https://www.ncbi.nlm.nih.gov/pubmed/18046859
https://doi.org/10.1016/j.jaci.2012.11.053
https://www.ncbi.nlm.nih.gov/pubmed/23380220
https://doi.org/10.1016/S2213-2600(21)00511-7
https://doi.org/10.3109/15412555.2012.719049
https://doi.org/10.1111/all.13558
https://doi.org/10.1016/S2213-2600(21)00510-5
https://doi.org/10.1378/chest.125.1.249
https://doi.org/10.1164/ajrccm.162.6.9912072
https://doi.org/10.1183/09031936.00193908
https://doi.org/10.1186/1465-9921-15-77
https://doi.org/10.1186/s40169-015-0068-z
https://doi.org/10.1152/ajplung.00330.2013
https://doi.org/10.3390/antiox11050965
https://doi.org/10.1016/j.redox.2020.101544
https://doi.org/10.1164/ajrccm.161.4.9906122
https://doi.org/10.1155/2011/891752
https://doi.org/10.1164/ajrccm.154.3.8810624
https://doi.org/10.1053/rmed.1999.0574
https://doi.org/10.1136/thorax.55.3.205
https://www.ncbi.nlm.nih.gov/pubmed/10679539
https://doi.org/10.1155/2018/5730395
https://www.ncbi.nlm.nih.gov/pubmed/29599897
https://doi.org/10.15326/jcopdf.5.4.2018.0133
https://www.ncbi.nlm.nih.gov/pubmed/30723785

Antioxidants 2023, 12,973 11 of 16

24.

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.

Saeed, Z.H.; El Hakim, M.A E.A.; Mohamed, N.R. Chronic obstructive pulmonary disease in non-smokers: Role of oxidative
stress. EqQypt. J. Bronchol. 2021, 15, 40. [CrossRef]

Wiegman, C.H.; Michaeloudes, C.; Haji, G.; Narang, P.; Clarke, C.J.; Russell, K.E.; Bao, W.; Pavlidis, S.; Barnes, P.J.; Kanerva,
J.; et al. Oxidative stress-induced mitochondrial dysfunction drives inflammation and airway smooth muscle remodeling in
patients with chronic obstructive pulmonary disease. J. Allergy Clin. Immunol. 2015, 136, 769-780. [CrossRef]

Mittal, M.; Siddiqui, M.R;; Tran, K.; Reddy, S.P.; Malik, A.B. Reactive Oxygen Species in Inflammation and Tissue Injury. Antioxid.
Redox Signal. 2014, 20, 1126-1167. [CrossRef]

Nita, M.; Grzybowski, A. The Role of the Reactive Oxygen Species and Oxidative Stress in the Pathomechanism of the Age-Related
Ocular Diseases and Other Pathologies of the Anterior and Posterior Eye Segments in Adults. Oxid. Med. Cell Longev. 2016, 2016,
3164734. [CrossRef]

Turrens, ].F. Mitochondrial formation of reactive oxygen species. J. Physiol. 2003, 552, 335-344. [CrossRef]

Ristow, M.; Zarse, K.; Oberbach, A.; Kléting, N.; Birringer, M.; Kiehntopf, M.; Stumvoll, M.; Kahn, C.R.; Blither, M. Antioxidants
prevent health-promoting effects of physical exercise in humans. Proc. Natl. Acad. Sci. USA 2009, 106, 8665-8670. [CrossRef]
Scherz-Shouval, R.; Shvets, E.; Fass, E.; Shorer, H.; Gil, L.; Elazar, Z. Reactive oxygen species are essential for autophagy and
specifically regulate the activity of Atg4. EMBO ]. 2007, 26, 1749-1760. [CrossRef]

Sena, L.A.; Chandel, N.S. Physiological roles of mitochondrial reactive oxygen species. Mol. Cell 2012, 48, 158-167. [CrossRef]
Nam, H.S.; Izumchenko, E.; Dasgupta, S.; Hoque, M.O. Mitochondria in chronic obstructive pulmonary disease and lung cancer:
Where are we now? Biomark. Med. 2017, 11, 475-489. [CrossRef]

Agusti, A.G.N,; Sauleda, J.; Miralles, C.; Gomez, C.; Togores, B.; Sala, E.; Batle, S.; Busquets, X. Skeletal Muscle Apoptosis and
Weight Loss in Chronic Obstructive Pulmonary Disease. Am. J. Respir. Crit. Care Med. 2002, 166, 485-489. [CrossRef]

Ito, S.; Araya, J.; Kurita, Y.; Kobayashi, K.; Takasaka, N.; Yoshida, M.; Hara, H.; Minagawa, S.; Wakui, H.; Fujii, S.; et al.
PARK2-mediated mitophagy is involved in regulation of HBEC senescence in COPD pathogenesis. Autophagy 2015, 11, 547-559.
[CrossRef]

Ahmad, T.; Sundar, LK.; Lerner, C.A.; Gerloff, J.; Tormos, A.M.; Yao, H.; Rahman, I. Impaired mitophagy leads to cigarette
smoke stress-induced cellular senescence: Implications for chronic obstructive pulmonary disease. FASEB J. 2015, 29, 2912-2929.
[CrossRef]

Domej, W.; Oetl], K.; Renner, W. Oxidative stress and free radicals in COPD—Implications and relevance for treatment. Int. J.
Chronic Obstr. Pulm. Dis. 2014, 9, 1207-1224. [CrossRef]

Li, E; Xu, M.; Wang, M.; Wang, L.; Wang, H.; Zhang, H.; Chen, Y.; Gong, ].; Zhang, J.; Adcock, .M; et al. Roles of mitochondrial
ROS and NLRP3 inflammasome in multiple ozone-induced lung inflammation and emphysema. Respir. Res. 2018, 19, 230.
[CrossRef]

Fairley, L.H.; Wong, ] H.; Barron, A.M. Mitochondrial Regulation of Microglial Inmunometabolism in Alzheimer’s Disease. Front.
Immunol. 2021, 12, 624538. [CrossRef]

Hallstrand, T.S.; Hackett, T.L.; Altemeier, W.A.; Matute-Bello, G.; Hansbro, PM.; Knight, D.A. Airway epithelial regulation of
pulmonary immune homeostasis and inflammation. Clin. Immunol. 2014, 151, 1-15. [CrossRef]

Barnes, PJ.; Adcock, I; Ito, K. Histone acetylation and deacetylation: Importance in inflammatory lung diseases. Eur. Respir. ].
2005, 25, 552-563. [CrossRef]

Kamata, H.; Honda, S.; Maeda, S.; Chang, L.; Hirata, H.; Karin, M. Reactive oxygen species promote TNFalpha-induced death
and sustained JNK activation by inhibiting MAP kinase phosphatases. Cell 2005, 120, 649-661. [CrossRef] [PubMed]

Rahman, I.; MacNee, W. Role of oxidants/antioxidants in smoking-induced lung diseases. Free. Radic. Biol. Med. 1996, 21, 669-681.
[CrossRef] [PubMed]

Dua, K.; Malyla, V.; Singhvi, G.; Wadhwa, R.; Krishna, R.V.; Shukla, S.D.; Shastri, M.D.; Chellappan, D.K.; Maurya, PK; Satija, S.;
et al. Increasing complexity and interactions of oxidative stress in chronic respiratory diseases: An emerging need for novel drug
delivery systems. Chem. Interact. 2019, 299, 168-178. [CrossRef] [PubMed]

Ballweg, K.; Mutze, K.; Kénigshoff, M.; Eickelberg, O.; Meiners, S. Cigarette smoke extract affects mitochondrial function in
alveolar epithelial cells. Am. J. Physiol. Lung Cell Mol. Physiol. 2014, 307, L895-1.907. [CrossRef]

Hara, H.; Araya, J.; Ito, S.; Kobayashi, K.; Takasaka, N.; Yoshii, Y.; Wakui, H.; Kojima, J.; Shimizu, K.; Numata, T.; et al.
Mitochondrial fragmentation in cigarette smoke-induced bronchial epithelial cell senescence. Am. J. Physiol. Lung Cell Mol.
Physiol. 2013, 305, L737-L746. [CrossRef]

Sharma, A.; Ahmad, S.; Ahmad, T.; Ali, S.; Syed, M.A. Mitochondrial dynamics and mitophagy in lung disorders. Life Sci. 2021,
284,119876. [CrossRef]

Johansen, M.D.; Mahbub, R.M.; Idrees, S.; Nguyen, D.H.; Miemczyk, S.; Pathinayake, P.; Nichol, K.; Hansbro, N.G.; Gearing, L.J.;
Hertzog, PJ.; et al. Increased SARS-CoV-2 Infection, Protease, and Inflammatory Responses in Chronic Obstructive Pulmonary
Disease Primary Bronchial Epithelial Cells Defined with Single-Cell RNA Sequencing. Am. |. Respir. Crit. Care Med. 2022, 206,
712-729. [CrossRef]

Carvalho, V.F,; Barreto, E.; Victoni, T.; Lagente, V. The Role of Oxidative Imbalance on Pulmonary Diseases. Oxidative Med. Cell
Longev. 2022, 2022, 9891039. [CrossRef]

Lloreta, J.; Orozco, M.; Gea, J.; Corominas, ].M.; Serrano, S. Selective Diaphragmatic Mitochondrial Abnormalities in a Patient
with Marked Air Flow Obstruction. Ultrastruct. Pathol. 1996, 20, 67-71. [CrossRef]


https://doi.org/10.1186/s43168-021-00088-5
https://doi.org/10.1016/j.jaci.2015.01.046
https://doi.org/10.1089/ars.2012.5149
https://doi.org/10.1155/2016/3164734
https://doi.org/10.1113/jphysiol.2003.049478
https://doi.org/10.1073/pnas.0903485106
https://doi.org/10.1038/sj.emboj.7601623
https://doi.org/10.1016/j.molcel.2012.09.025
https://doi.org/10.2217/bmm-2016-0373
https://doi.org/10.1164/rccm.2108013
https://doi.org/10.1080/15548627.2015.1017190
https://doi.org/10.1096/fj.14-268276
https://doi.org/10.2147/COPD.S51226
https://doi.org/10.1186/s12931-018-0931-8
https://doi.org/10.3389/fimmu.2021.624538
https://doi.org/10.1016/j.clim.2013.12.003
https://doi.org/10.1183/09031936.05.00117504
https://doi.org/10.1016/j.cell.2004.12.041
https://www.ncbi.nlm.nih.gov/pubmed/15766528
https://doi.org/10.1016/0891-5849(96)00155-4
https://www.ncbi.nlm.nih.gov/pubmed/8891669
https://doi.org/10.1016/j.cbi.2018.12.009
https://www.ncbi.nlm.nih.gov/pubmed/30553721
https://doi.org/10.1152/ajplung.00180.2014
https://doi.org/10.1152/ajplung.00146.2013
https://doi.org/10.1016/j.lfs.2021.119876
https://doi.org/10.1164/rccm.202108-1901OC
https://doi.org/10.1155/2022/9891039
https://doi.org/10.3109/01913129609023240

Antioxidants 2023, 12,973 12 of 16

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Jones, B.; Donovan, C.; Liu, G.; Gomez, HM.; Chimankar, V.; Harrison, C.L.; Wiegman, C.H.; Adcock, LM.; Knight, D.A.; Hirota,
J.A.; et al. Animal models of COPD: What do they tell us? Respirology 2017, 22, 21-32. [CrossRef]

Lu, Z.; Van Eeckhoutte, H.P.; Liu, G.; Nair, PM.; Jones, B.; Gillis, C.M.; Nalkurthi, B.C.; Verhamme, F.; Buyle-Huybrecht,
T.; Vandenabeele, P.; et al. Necroptosis Signaling Promotes Inflammation, Airway Remodeling, and Emphysema in Chronic
Obstructive Pulmonary Disease. Am. J. Respir. Crit. Care Med. 2021, 204, 667-681. [CrossRef]

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. . Clin. Investig. 2014, 124, 3987-4003.
[CrossRef]

Van Eeckhoutte, H.P.; Donovan, C.; Kim, R.Y.; Conlon, T.M.; Ansari, M.; Khan, H.; Jayaraman, R.; Hansbro, N.G.; Dondelinger, Y.;
Delanghe, T.; et al. RIPK1 kinase-dependent inflammation cell death contribute to the pathogenesis of COPD. Eur. Respir. J. 2023,
61,2201506. [CrossRef]

Agarwal, A.R.; Kadam, S.; Brahme, A.; Agrawal, M.; Apte, K.; Narke, G.; Kekan, K.; Madas, S.; Salvi, S. Systemic Immuno-
metabolic alterations in chronic obstructive pulmonary disease (COPD). Respir. Res. 2019, 20, 171. [CrossRef]

Michaeloudes, C.; Kuo, C.-H.; Haji, G.; Finch, D.K,; Halayko, A.].; Kirkham, P.; Chung, K.F.; Adcock, .M. Metabolic re-patterning
in COPD airway smooth muscle cells. Eur. Respir. ]. 2017, 50, 1700202. [CrossRef]

Zhao, H.; Dennery, P.A.; Yao, H. Metabolic reprogramming in the pathogenesis of chronic lung diseases, including BPD, COPD,
and pulmonary fibrosis. Am. J. Physiol. Cell Mol. Physiol. 2018, 314, 1L544-1.554. [CrossRef]

Kao, C.C.; Hsu, ].W,; Bandi, V.,; Hanania, N.A.; Kheradmand, F.; Jahoor, F. Glucose and pyruvate metabolism in severe chronic
obstructive pulmonary disease. J. Appl. Physiol. 2012, 112, 42-47. [CrossRef]

Bowerman, K.L.; Rehman, S.F; Vaughan, A.; Lachner, N.; Budden, K.F,; Kim, R.Y.; Wood, D.L.A.; Gellatly, S.L.; Shukla, S.D.;
Wood, L.G,; et al. Disease-associated gut microbiome and metabolome changes in patients with chronic obstructive pulmonary
disease. Nat. Commun. 2020, 11, 5886. [CrossRef]

Fairley, L.H.; Lai, K.O.; Wong, ].H.; Chong, W.J.; Vincent, A.S.; D’agostino, G.; Wu, X.; Naik, R.R.; Jayaraman, A.; Langley, S.R,;
et al. Mitochondrial control of microglial phagocytosis by the translocator protein and hexokinase 2 in Alzheimer’s disease. Proc.
Natl. Acad. Sci. USA 2023, 120, 2209177120. [CrossRef]

Belchamber, K.B.; Singh, R.; Batista, C.M.; Whyte, M.K.; Dockrell, D.H.; Kilty, I.; Robinson, M.]J.; Wedzicha, J.A.; Barnes, PJ.;
Donnelly, L.E. Defective bacterial phagocytosis is associated with dysfunctional mitochondria in COPD macrophages. Eur. Respir.
J. 2019, 54, 1802244. [CrossRef]

Hodge, S.; Hodge, G.; Scicchitano, R.; Reynolds, P.N.; Holmes, M. Alveolar macrophages from subjects with chronic obstructive
pulmonary disease are deficient in their ability to phagocytose apoptotic airway epithelial cells. Immunol. Cell Biol. 2003, 81,
289-296. [CrossRef] [PubMed]

Cooper, G.E.; Mayall, J.; Donovan, C.; Haw, T.J.; Budden, K.F; Hansbro, N.G.; Blomme, E.E.; Maes, T.; Kong, C.W.; Horvat, ].C,;
et al. Anti-Viral Responses of Tissue-Resident CD49a+ Lung NKCells Are Dysregulated in COPD. Am. ]. Respir. Crit. Care Med.
2022, 207, 553-565. [CrossRef] [PubMed]

Duthie, G.G.; Arthur, J.R.; James, W.P.T. Effects of smoking and vitamin E on blood antioxidant status. Am. J. Clin. Nutr. 1991, 53
(Suppl. 4), 10615-1063S. [CrossRef] [PubMed]

Zhizhina, G.P.; Gurevich, S.M.; Fatkullina, L.D.; I Kozachenko, A.; Nagler, L.G.; Zavarykina, T.M.; Kashcheev, V.V,; Burlakova,
E.B. Biomarkers of oxidative stress and smoking in cancer patients. J. Cancer Res. Ther. 2010, 6, 47-53. [CrossRef]

Fischer, B.M.; Voynow, J.A.; Ghio, A.J. COPD: Balancing oxidants and antioxidants. Int. J. Chronic Obstr. Pulm. Dis. 2015, 10,
261-276. [CrossRef]

Malhotra, D.; Thimmulappa, R.; Navas-Acien, A.; Sandford, A ; Elliott, M.; Singh, A.; Chen, L.; Zhuang, X.; Hogg, J.; Pare, P; et al.
Decline in NRF2-regulated Antioxidants in Chronic Obstructive Pulmonary Disease Lungs Due to Loss of Its Positive Regulator,
DJ-1. Am. J. Respir. Crit. Care Med. 2008, 178, 592—-604. [CrossRef]

Oberley-Deegan, R.E.; Regan, E.A ; Kinnula, V.L.; Crapo, J.D. Extracellular Superoxide Dismutase and Risk of COPD. COPD ].
Chronic Obstr. Pulm. Dis. 2009, 6, 307-312. [CrossRef]

Hwang, ].-W.; Rajendrasozhan, S.; Yao, H.; Chung, S.; Sundar, LK.; Huyck, H.L.; Pryhuber, G.S; Kinnula, V.L.; Rahman, I. FOXO3
Deficiency Leads to Increased Susceptibility to Cigarette Smoke-Induced Inflammation, Airspace Enlargement, and Chronic
Obstructive Pulmonary Disease. J. Immunol. 2011, 187, 987-998. [CrossRef]

Fratta Pasini, A.M.; Stranieri, C.; Ferrari, M.; Garbin, U.; Cazzoletti, L.; Mozzini, C.; Spelta, F.; Peserico, D.; Cominacini, L.
Oxidative stress and Nrf2 expression in peripheral blood mononuclear cells derived from COPD patients: An observational
longitudinal study. Respir. Res. 2020, 21, 37. [CrossRef]

Cantin, A.M.; North, S.L.; Hubbard, R.C.; Crystal, R.G. Normal alveolar epithelial lining fluid contains high levels of glutathione.
J. Appl. Physiol. 1987, 63, 152-157. [CrossRef]

Turgut, T.; Ilhan, N.; Deveci, F.; Akpolat, N.; Erden, E.S.; Muz, M.H. Glutathione and nitrite levels in induced sputum at COPD
patients and healthy smokers. J. Thorac. Dis. 2014, 6, 765-771.

Li, X.Y;; Donaldson, K.; Rahman, I.; MacNee, W. An investigation of the role of glutathione in increased epithelial permeability
induced by cigarette smoke in vivo and in vitro. Am. J. Respir. Crit. Care Med. 1994, 149, 1518-1525. [CrossRef]

Taniguchi, A.; Tsuge, M.; Miyahara, N.; Tsukahara, H. Reactive Oxygen Species and Antioxidative Defense in Chronic Obstructive
Pulmonary Disease. Antioxidants 2021, 10, 1537. [CrossRef]


https://doi.org/10.1111/resp.12908
https://doi.org/10.1164/rccm.202009-3442OC
https://doi.org/10.1172/JCI74985
https://doi.org/10.1183/13993003.01506-2022
https://doi.org/10.1186/s12931-019-1139-2
https://doi.org/10.1183/13993003.00202-2017
https://doi.org/10.1152/ajplung.00521.2017
https://doi.org/10.1152/japplphysiol.00599.2011
https://doi.org/10.1038/s41467-020-19701-0
https://doi.org/10.1073/pnas.2209177120
https://doi.org/10.1183/13993003.02244-2018
https://doi.org/10.1046/j.1440-1711.2003.t01-1-01170.x
https://www.ncbi.nlm.nih.gov/pubmed/12848850
https://doi.org/10.1164/rccm.202205-0848OC
https://www.ncbi.nlm.nih.gov/pubmed/36170617
https://doi.org/10.1093/ajcn/53.4.1061S
https://www.ncbi.nlm.nih.gov/pubmed/2012019
https://doi.org/10.4103/0973-1482.63569
https://doi.org/10.2147/COPD.S42414
https://doi.org/10.1164/rccm.200803-380OC
https://doi.org/10.1080/15412550903085193
https://doi.org/10.4049/jimmunol.1001861
https://doi.org/10.1186/s12931-020-1292-7
https://doi.org/10.1152/jappl.1987.63.1.152
https://doi.org/10.1164/ajrccm.149.6.8004308
https://doi.org/10.3390/antiox10101537

Antioxidants 2023, 12,973 13 of 16

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Culpitt, S.V.; Rogers, D.F,; Fenwick, P.S.; Shah, P.; De Matos, C.; Russell, R.E.; Barnes, PJ.; Donnelly, L.E. Inhibition by red wine
extract resveratrol of cytokine release by alveolar macrophages in COPD. Thorax 2003, 58, 942-946. [CrossRef]

Liu, H; Ren, J.; Chen, H.; Huang, Y,; Li, H.; Zhang, Z.; Wang, ]. Resveratrol Protects against Cigarette Smoke-Induced Oxidative
Damage and Pulmonary Inflammation. J. Biochem. Mol. Toxicol. 2014, 28, 465-471. [CrossRef]

Kode, A.; Rajendrasozhan, S.; Caito, S.; Yang, S.-R.; Megson, I.L.; Rahman, 1. Resveratrol induces glutathione synthesis by
activation of Nrf2 and protects against cigarette smoke-mediated oxidative stress in human lung epithelial cells. Am. J. Physiol.
Lung Cell Mol. Physiol. 2008, 294, L478-1.488. [CrossRef]

Decramer, M.; Rutten-van Molken, M.; Dekhuijzen, P.N.; Troosters, T.; van Herwaarden, C.; Pellegrino, R.; van Schayck, C.P.O;
Olivieri, D.; Del Donno, M.; De Backer, W.; et al. Effects of N-acetylcysteine on outcomes in chronic obstructive pulmonary
disease (Bronchitis Randomized on NAC Cost-Ultility Study, BRONCUS): A randomised placebo-controlled trial. Lancet 2005, 365,
1552-1560. [CrossRef]

Zeng, Z.; Yang, D.; Huang, X.; Xiao, Z. Effect of carbocisteine on patients with COPD: A systematic review and meta-analysis. Int.
J. Chronic Obstr. Pulm. Dis. 2017, 12, 2277-2283. [CrossRef]

Zheng, ].-P; Kang, ].; Huang, S.-G.; Chen, P; Yao, W.-Z,; Yang, L.; Bai, C.-X.; Wang, C.-Z.; Wang, C.; Chen, B.-Y.; et al. Effect of
carbocisteine on acute exacerbation of chronic obstructive pulmonary disease (PEACE Study): A randomised placebo-controlled
study. Lancet 2008, 371, 2013-2018. [CrossRef]

Cazzola, M.; Calzetta, L.; Page, C.; Rogliani, P.; Matera, M.G. Impact of erdosteine on chronic bronchitis and COPD: A meta-
analysis. Pulm. Pharmacol. Ther. 2018, 48, 185-194. [CrossRef]

Calverley, PM.; Page, C.; Negro, RW.D.; Fontana, G.; Cazzola, M.; Cicero, A.F.,; Pozzi, E.; Wedzicha, ]. Effect of Erdosteine on
COPD Exacerbations in COPD Patients with Moderate Airflow Limitation. Int. J. Chronic Obstr. Pulm. Dis. 2019, 14, 2733-2744.
[CrossRef] [PubMed]

Scoditti, E.; Massaro, M.; Garbarino, S.; Toraldo, D.M. Role of Diet in Chronic Obstructive Pulmonary Disease Prevention and
Treatment. Nutrients 2019, 11, 1357. [CrossRef] [PubMed]

Tsiligianni, 1.G.; van der Molen, T. A systematic review of the role of vitamin insufficiencies and supplementation in COPD. Respir.
Res. 2010, 11, 171. [CrossRef] [PubMed]

Albanes, D.; Heinonen, O.P; Taylor, PR.; Virtamo, J.; Edwards, B.K.; Rautalahti, M.; Hartman, A.M.; Palmgren, ].; Freedman,
L.S.; Haapakoski, J.; et al. Alpha-Tocopherol and beta-carotene supplements and lung cancer incidence in the alpha-tocopherol,
beta-carotene cancer prevention study: Effects of base-line characteristics and study compliance. J. Natl. Cancer Inst. 1996, 88,
1560-1570. [CrossRef] [PubMed]

Alpha-Tocopherol Beta Carotene Cancer Prevention Study Group. The effect of vitamin E and beta carotene on the incidence of
lung cancer and other cancers in male smokers. N. Engl. |. Med. 1994, 330, 1029-1035. [CrossRef]

Omenn, G.S.; Goodman, G.E.; Thornquist, M.D.; Balmes, J.; Cullen, M.R.; Glass, A.; Keogh, J.P.; Meyskens, FL.; Valanis, B.;
Williams, J.H.; et al. Effects of a combination of beta carotene and vitamin A on lung cancer and cardiovascular disease. N. Engl. ].
Med. 1996, 334, 1150-1155. [CrossRef]

Zhao, H.; Jin, X. Causal associations between dietary antioxidant vitamin intake and lung cancer: A Mendelian randomization
study. Front. Nutr. 2022, 9, 965911. [CrossRef]

Caramori, G.; Ruggeri, P; Mumby, S.; Ieni, A.; Lo Bello, F; Chimankar, V.; Donovan, C.; Ando, E; Nucera, E.; Coppolino, L; et al.
Molecular links between COPD and lung cancer: New targets for drug discovery? Expert Opin. Ther. Targets 2019, 23, 539-553.
[CrossRef]

Salehi, B.; Martorell, M.; Arbiser, J.L.; Sureda, A.; Martins, N.; Maurya, PK.; Sharifi-Rad, M.; Kumar, P.; Sharifi-Rad, ]. Antioxidants:
Positive or Negative Actors? Biomolecules 2018, 8, 124. [CrossRef]

Cerimele, F; Battle, T.; Lynch, R.; Frank, D.A.; Murad, E.; Cohen, C.; Macaron, N.; Sixbey, J.; Smith, K.; Watnick, R.S.; et al.
Reactive oxygen signaling and MAPK activation distinguish Epstein-Barr Virus (EBV)-positive versus EBV-negative Burkitt’s
lymphoma. Proc. Natl. Acad. Sci. USA 2005, 102, 175-179. [CrossRef]

Jiang, Q.; Yin, J.; Chen, J.; Ma, X.; Wu, M,; Liu, G.; Yao, K,; Tan, B.; Yin, Y. Mitochondria-Targeted Antioxidants: A Step towards
Disease Treatment. Oxidative Med. Cell Longev. 2020, 2020, 8837893. [CrossRef]

Zorova, L.D.; Popkov, V.A,; Plotnikov, E.Y.; Silachev, D.N.; Pevzner, I.B.; Jankauskas, S.S.; Babenko, V.A.; Zorov, S.D.; Balakireva,
A.V,; Juhaszova, M.; et al. Mitochondrial membrane potential. Anal. Biochem. 2018, 552, 50-59. [CrossRef]

Chellappan, D.K.; Dharwal, V.; Paudel, K.R.; Jha, N.K.; MacLoughlin, R.; Oliver, B.G.; Hansbro, PM.; Dua, K. Mitochondrial
dysfunctions associated with chronic respiratory diseases and their targeted therapies: An update. Future Med. Chem. 2021, 13,
1249-1251. [CrossRef]

Murphy, M.P. Targeting lipophilic cations to mitochondria. Biochim. Biophys. Acta (BBA) Bioenerg. 2008, 1777, 1028-1031.
[CrossRef]

James, A.M.; Sharpley, M.S.; Manas, A.-R.B.; Frerman, FE.; Hirst, J.; Smith, R.A.J.; Murphy, M.P. Interaction of the Mitochondria-
targeted Antioxidant MitoQ with Phospholipid Bilayers and Ubiquinone Oxidoreductases. J. Biol. Chem. 2007, 282, 14708-14718.
[CrossRef]

Wikstrom, M.; Djurabekova, A.; Sharma, V. On the role of ubiquinone in the proton translocation mechanism of respiratory
complex I. FEBS Lett. 2023, 597, 224-236. [CrossRef]


https://doi.org/10.1136/thorax.58.11.942
https://doi.org/10.1002/jbt.21586
https://doi.org/10.1152/ajplung.00361.2007
https://doi.org/10.1016/S0140-6736(05)66456-2
https://doi.org/10.2147/COPD.S140603
https://doi.org/10.1016/S0140-6736(08)60869-7
https://doi.org/10.1016/j.pupt.2017.11.009
https://doi.org/10.2147/COPD.S221852
https://www.ncbi.nlm.nih.gov/pubmed/31819405
https://doi.org/10.3390/nu11061357
https://www.ncbi.nlm.nih.gov/pubmed/31208151
https://doi.org/10.1186/1465-9921-11-171
https://www.ncbi.nlm.nih.gov/pubmed/21134250
https://doi.org/10.1093/jnci/88.21.1560
https://www.ncbi.nlm.nih.gov/pubmed/8901854
https://doi.org/10.1056/NEJM199404143301501
https://doi.org/10.1056/NEJM199605023341802
https://doi.org/10.3389/fnut.2022.965911
https://doi.org/10.1080/14728222.2019.1615884
https://doi.org/10.3390/biom8040124
https://doi.org/10.1073/pnas.0408381102
https://doi.org/10.1155/2020/8837893
https://doi.org/10.1016/j.ab.2017.07.009
https://doi.org/10.4155/fmc-2021-0097
https://doi.org/10.1016/j.bbabio.2008.03.029
https://doi.org/10.1074/jbc.M611463200
https://doi.org/10.1002/1873-3468.14506

Antioxidants 2023, 12,973 14 of 16

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Doll, S.; Freitas, EP; Shah, R.; Aldrovandi, M.; da Silva, M.C.; Ingold, I.; Grocin, A.G.; da Silva, T.N.X,; Panzilius, E.; Scheel, C.H.;
et al. FSP1 is a glutathione-independent ferroptosis suppressor. Nature 2019, 575, 693-698. [CrossRef]

Arslanbaeva, L.; Tosi, G.; Ravazzolo, M.; Simonato, M.; Tucci, FA.; Pece, S.; Cogo, P.; Santoro, M.M. UBIAD1 and CoQ10 protect
melanoma cells from lipid peroxidation-mediated cell death. Redox Biol. 2022, 51, 102272. [CrossRef]

Kelso, G.F; Porteous, C.M.; Coulter, C.V.; Hughes, G.; Porteous, W.K.; Ledgerwood, E.C.; Smith, R.A.].; Murphy, M.P. Selective
targeting of a redox-active ubiquinone to mitochondria within cells: Antioxidant and antiapoptotic properties. J. Biol. Chem. 2001,
276, 4588-4596. [CrossRef]

Chen, S.; Wang, Y.; Zhang, H.; Chen, R.; Lv, F; Li, Z,; Jiang, T.; Lin, D.; Zhang, H.; Yang, L.; et al. The Antioxidant MitoQ Protects
Against CSE-Induced Endothelial Barrier Injury and Inflammation by Inhibiting ROS and Autophagy in Human Umbilical Vein
Endothelial Cells. Int. ]. Biol. Sci. 2019, 15, 1440-1451. [CrossRef]

Masoumi-Ardakani, Y.; Najafipour, H.; Nasri, H.R.; Aminizadeh, S.; Jafari, S.; Moflehi, D. Effect of Combined Endurance Training
and MitoQ on Cardiac Function and Serum Level of Antioxidants, NO, miR-126, and miR-27a in Hypertensive Individuals.
BioMed Res. Int. 2022, 2022, 8720661. [CrossRef] [PubMed]

Snow, B.J.; Rolfe, FL.; Lockhart, M.M.; Frampton, C.M.; O’Sullivan, ].D.; Fung, V.; Smith, R.A J.; Murphy, M.P.; Taylor, K.M.;
Protect Study Group. A double-blind, placebo-controlled study to assess the mitochondria-targeted antioxidant MitoQ as a
disease-modifying therapy in Parkinson’s disease. Mov. Disord. 2010, 25, 1670-1674. [CrossRef] [PubMed]

Gane, E.J.; Weilert, F,; Orr, D.W,; Keogh, G.E; Gibson, M.; Lockhart, M.M.; Frampton, C.M.; Taylor, K.M.; Smith, R.A.; Murphy,
M.P. The mitochondria-targeted anti-oxidant mitoquinone decreases liver damage in a phase ii study of hepatitis c patients. Liver
Int. 2010, 30, 1019-1026. [CrossRef] [PubMed]

Bispham, N.Z.; Santos-Parker, J.R.; Steward, C.A.C.; Cuevas, L.M.; Rosenberg, H.L.; Murphy, M.P; Seals, D.R.; Rossman, M.]J.
MitoQ Supplementation Improves Leg-Extension Power in Healthy Late Middle-Aged and Older Adults. FASEB J. 2017, 31, Ib852.
Rossman, M.].; Santos-Parker, ].R.; Steward, C.A.C.; Bispham, N.Z.; Cuevas, L.M.; Rosenberg, H.L.; Woodward, K.A.; Chonchol,
M.; Gioscia-Ryan, R.A.; Murphy, M.P; et al. Chronic Supplementation With a Mitochondrial Antioxidant (MitoQ) Improves
Vascular Function in Healthy Older Adults. Hypertension 2018, 71, 1056-1063. [CrossRef]

Kwon, O.S,; Layec, G.; Broxterman, R.M.; Gifford, ]J.R.; Park, S.H.; Shields, K.L.; Richardson, R.S. Vascular Dysfunction in
Chronic Obstructive Pulmonary Disease (COPD): The Role of Mitochondrial-derived Oxidative Stress. FASEB . 2019, 33, 527.10.
[CrossRef]

Virginia Commonwealth University. Mitochondrial Derived Reactive Oxygen Species on Cardiovascular Health in Chronic
Obstructive Pulmonary Disease (COPD). 2022. Available online: https:/ /beta.clinicaltrials.gov/study/NCT05605548 (accessed
on 20 February 2023).

Utah Uo.: Vascular Function in Health and Disease. 2016. Available online: https://clinicaltrials.gov/ct2/show /NCT02966665
(accessed on 20 February 2023).

Vermont Uo. MitoQ for the Treatment of Metabolic Dysfunction in Asthma. 2022. Available online: https:/ /clinicaltrials.gov/ct2
/show /NCT04026711?term=mitoq&cond=Asthma&draw=2&rank=1 (accessed on 20 February 2023).

University of California. An Open Label Study in Adults to Test the Efficacy of Mitoquinone/Mitoquinol Mesylate to Prevent
Severe Viral Illness. 2022. Available online: https://clinicaltrials.gov/ct2 /show /NCT05381454?term=NCT05381454&draw=2&
rank=1 (accessed on 20 February 2023).

Development VOoRa. Evaluating the Long-term Health Consequences of COVID-19 and Rehabilitation Therapies to Speed
Convalescence. 2022. Available online: https:/ /clinicaltrials.gov/ct2 /show /NCT05373043?term=mitoq&cond=covid&draw=
2&rank=1 (accessed on 20 February 2023).

Chandran, K.; Aggarwal, D.; Migrino, R.Q.; Joseph, J.; McAllister, D.; Konorev, E.A.; Antholine, W.E.; Zielonka, J.; Srinivasan, S.;
Avadhani, N.G.; et al. Doxorubicin inactivates myocardial cytochrome c oxidase in rats: Cardioprotection by, M.i.t.0.-Q. Biophys. |.
2009, 96, 1388-1398. [CrossRef]

Antonenko, Y.N.; Avetisyan, A.V.; Bakeeva, L.E.; Chernyak, B.V.; Chertkov, V.A.; Domnina, L.V.; Ivanova, O.Y.; Izyumov, D.S,;
Khailova, L.S.; Klishin, S.S.; et al. Mitochondria-targeted plastoquinone derivatives as tools to interrupt execution of the aging
program. 1. Cationic plastoquinone derivatives: Synthesis and in vitro studies. Biochemistry 2008, 73, 1273-1287. [CrossRef]
Wysoczanski, R.; Baker, ].R.; Fenwick, P.; Alexandrov, Y.; Dunsby, C.; French, P.; Barnes, PJ.; Donnelly, L.E. Defective Phagocytosis
in COPD Macrophages Is Improved by Mitochondrial Antioxidants Without Alteration in Mitochondrial Function. ATS 2022:
C65 COPD- PRE-CLINICAL MODELS AND MECHANISMS. Am. J. Respir. Crit. Care Med. 2022, 205, A4631.

Brzheskiy, V.V,; Efimova, E.L.; Vorontsova, T.N.; Alekseev, V.N.; Gusarevich, O.G.; Shaidurova, K.N.; Ryabtseva, A.A;
Andryukhina, O.M.; Kamenskikh, T.G.; Sumarokova, E.S.; et al. Results of a Multicenter, Randomized, Double-Masked,
Placebo-Controlled Clinical Study of the Efficacy and Safety of Visomitin Eye Drops in Patients with Dry Eye Syndrome. Adv.
Ther. 2015, 32, 1263-1279. [CrossRef]

Petrov, A.; Perekhvatova, N.; Skulachev, M; Stein, L.; Ousler, G. SkQ1 Ophthalmic Solution for Dry Eye Treatment: Results of a
Phase 2 Safety and Efficacy Clinical Study in the Environment and During Challenge in the Controlled Adverse Environment
Model. Adv. Ther. 2016, 33, 96-115. [CrossRef]

Trnka, J.; Blaikie, EH.; Smith, R.A.; Murphy, M.P. A mitochondria-targeted nitroxide is reduced to its hydroxylamine by ubiquinol
in mitochondria. Free Radic. Biol. Med. 2008, 44, 1406-1419. [CrossRef]


https://doi.org/10.1038/s41586-019-1707-0
https://doi.org/10.1016/j.redox.2022.102272
https://doi.org/10.1074/jbc.M009093200
https://doi.org/10.7150/ijbs.30193
https://doi.org/10.1155/2022/8720661
https://www.ncbi.nlm.nih.gov/pubmed/35071600
https://doi.org/10.1002/mds.23148
https://www.ncbi.nlm.nih.gov/pubmed/20568096
https://doi.org/10.1111/j.1478-3231.2010.02250.x
https://www.ncbi.nlm.nih.gov/pubmed/20492507
https://doi.org/10.1161/HYPERTENSIONAHA.117.10787
https://doi.org/10.1096/fasebj.2019.33.1_supplement.527.10
https://beta.clinicaltrials.gov/study/NCT05605548
https://clinicaltrials.gov/ct2/show/NCT02966665
https://clinicaltrials.gov/ct2/show/NCT04026711?term=mitoq&cond=Asthma&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT04026711?term=mitoq&cond=Asthma&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT05381454?term=NCT05381454&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT05381454?term=NCT05381454&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT05373043?term=mitoq&cond=covid&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT05373043?term=mitoq&cond=covid&draw=2&rank=1
https://doi.org/10.1016/j.bpj.2008.10.042
https://doi.org/10.1134/S0006297908120018
https://doi.org/10.1007/s12325-015-0273-6
https://doi.org/10.1007/s12325-015-0274-5
https://doi.org/10.1016/j.freeradbiomed.2007.12.036

Antioxidants 2023, 12,973 15 of 16

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Murphy, M.P.; Echtay, K.S.; Blaikie, EH.; Asin-Cayuela, J.; Cocheme, H.M.; Green, K.; Buckingham, J.A.; Taylor, E.R.; Hurrell,
F; Hughes, G.; et al. Superoxide activates uncoupling proteins by generating carbon-centered radicals and initiating lipid
peroxidation: Studies using a mitochondria-targeted spin trap derived from alpha-phenyl-N-tert-butylnitrone. J. Biol. Chem. 2003,
278, 48534-48545. [CrossRef]

Liu, Y,; Wang, Y.; Ding, W.; Wang, Y. Mito-TEMPO Alleviates Renal Fibrosis by Reducing Inflammation, Mitochondrial Dysfunc-
tion, and Endoplasmic Reticulum Stress. Oxid. Med. Cell Longev. 2018, 2018, 5828120. [CrossRef]

Yuan, Y.; Chen, Y; Peng, T.; Li, L.; Zhu, W,; Liu, E; Liu, S.; An, X,; Luo, R.; Cheng, J.; et al. Mitochondrial ROS-induced lysosomal
dysfunction impairs autophagic flux and contributes to M1 macrophage polarization in a diabetic condition. Clin. Sci. 2019, 133,
1759-1777. [CrossRef]

Luo, Q.; Song, Y.; Kang, J.; Wu, Y.; Wu, E; Li, Y.; Dong, Q.; Wang, J.; Song, C.; Guo, H. mtROS-mediated Akt/ AMPK/mTOR
pathway was involved in Copper-induced autophagy and it attenuates Copper-induced apoptosis in RAW264.7 mouse monocytes.
Redox Biol. 2021, 41, 101912. [CrossRef]

Sevilla-Montero, J.; Munar-Rubert, O.; Pino-Fadon, J.; Aguilar-Latorre, C.; Villegas-Esguevillas, M.; Climent, B.; Agro, M.; Choya-
Foces, C.; Martinez-Ruiz, A.; Balsa, E.; et al. Cigarette smoke induces pulmonary arterial dysfunction through an imbalance in the
redox status of the soluble guanylyl cyclase. Free. Radic. Biol. Med. 2022, 193 Pt 1, 9-22. [CrossRef]

Chen, J.; Wang, T.; Li, X.; Wen, F. Cigarette smoking extracts stimulated human neutrophils to release neutrophil extracellular
traps through a mitochondrial ROS-dependent way. Eur. Respir. ]. 2019, 54, 0a1628. [CrossRef]

Dhanasekaran, A.; Kotamraju, S.; Kalivendi, S.V.; Matsunaga, T.; Shang, T.; Keszler, A.; Joseph, ]J.; Kalyanaraman, B. Supple-
mentation of Endothelial Cells with Mitochondria-targeted Antioxidants Inhibit Peroxide-induced Mitochondrial Iron Uptake,
Oxidative Damage, and Apoptosis. J. Biol. Chem. 2004, 279, 37575-37587. [CrossRef]

Peh, H.Y,; Tan, W.S.D,; Liao, W.; Wong, W.S.E. Vitamin E therapy beyond cancer: Tocopherol versus tocotrienol. Pharmacol. Ther.
2016, 162, 152-169. [CrossRef]

Herrera, E.; Barbas, C. Vitamin E: Action, metabolism and perspectives. J. Physiol. Biochem. 2001, 57, 43-56. [CrossRef] [PubMed]
Zang, Q.S.; Sadek, H.; Maass, D.L.; Martinez, B.; Ma, L.; Kilgore, J.A.; Williams, N.S.; Frantz, D.E.; Wigginton, J.; Nwariaku,
F.E.; et al. Specific inhibition of mitochondrial oxidative stress suppresses inflammation and improves cardiac function in a rat
pneumonia-related sepsis model. Am. ]. Physiol. Heart Circ. Physiol. 2012, 302, H1847-H1859. [CrossRef] [PubMed]

McCormick, B.; Lowes, D.A.; Colvin, L.; Torsney, C.; Galley, H.F. MitoVitE, a mitochondria-targeted antioxidant, limits paclitaxel-
induced oxidative stress and mitochondrial damage in vitro, and paclitaxel-induced mechanical hypersensitivity in a rat pain
model. Br. |. Anaesth. 2016, 117, 659-666. [CrossRef] [PubMed]

Szeto, H.H. Cell-permeable, mitochondrial-targeted, peptide antioxidants. AAPS |. 2006, 8, E277-E283. [CrossRef]

Szeto, H.H. First-in-class cardiolipin-protective compound as a therapeutic agent to restore mitochondrial bioenergetics. Br. J.
Pharmacol. 2014, 171, 2029-2050. [CrossRef]

Suo, M.; Qi, Y; Liu, L.; Zhang, C.; Li, J.; Yan, X.; Zhang, C.; Ti, Y.; Chen, T,; Bu, P. 5531 Alleviates Pressure Overload-Induced
Heart Failure Caused by Sirt3-Mediated Mitochondrial Fusion. Front. Cardiovasc. Med. 2022, 9, 858594. [CrossRef]

Birk, A.V,; Chao, WM.; Bracken, C.; Warren, ]J.D.; Szeto, H.H. Targeting mitochondrial cardiolipin and the cytochrome
¢/ cardiolipin complex to promote electron transport and optimize mitochondrial ATP synthesis. Br. |. Pharmacol. 2014, 171,
2017-2028. [CrossRef]

Yang, S.-K.; Li, A-M.; Han, Y.-C.; Peng, C.-H.; Song, N.; Yang, M.; Zhan, M.; Zeng, L.-F; Song, P--A.; Zhang, W.; et al. Mitochondria-
Targeted Peptide SS31 Attenuates Renal Tubulointerstitial Injury via Inhibiting Mitochondprial Fission in Diabetic Mice. Oxidative
Med. Cell Longev. 2019, 2019, 2346580-13. [CrossRef]

Chavez, ].D.; Tang, X.; Campbell, M.D.; Reyes, G.; Kramer, P.A.; Stuppard, R.; Keller, A.; Zhang, H.; Rabinovitch, P.S.; Marcinek,
D.J.; et al. Mitochondrial protein interaction landscape of SS-31. Proc. Natl. Acad. Sci. USA 2020, 117, 15363-15373. [CrossRef]
Chatfield, K.C.; Sparagna, G.C.; Chau, S; Phillips, E.K.; Ambardekar, A.V.; Aftab, M.; Mitchell, M.B.; Sucharov, C.C.; Miyamoto,
S.D.; Stauffer, B.L. Elamipretide Improves Mitochondrial Function in the Failing Human Heart. JACC Basic Transl. Sci. 2019, 4,
147-157. [CrossRef]

Chakrabarti, A K.; Feeney, K.; Abueg, C.; Brown, D.A.; Czyz, E.; Tendera, M.; Janosi, A.; Giugliano, R.P.; Kloner, R.A.; Weaver,
W.D.; et al. Rationale and design of the EMBRACE STEMI Study: A phase 2a, randomized, double-blind, placebo-controlled trial
to evaluate the safety, tolerability and efficacy of intravenous Bendavia on reperfusion injury in patients treated with standard
therapy including primary percutaneous coronary intervention and stenting for ST-segment elevation myocardial infarction. Am.
Hearth |. 2013, 165, 509-514.e7. [CrossRef]

Batinic-Haberle, I.; Tovmasyan, A.; Spasojevic, I. Mn Porphyrin-Based Redox-Active Drugs: Differential Effects as Cancer
Therapeutics and Protectors of Normal Tissue Against Oxidative Injury. Antioxid. Redox Signal. 2018, 29, 1691-1724. [CrossRef]
Campo, G.M.; Avenoso, A.; D’ascola, A.; Scuruchi, M.; Nastasi, G.; Micali, A.; Puzzolo, D.; Pisani, A.; Calatroni, A.; Campo,
S. The SOD mimic MnTM-2-PyP(5+) reduces hyaluronan degradation-induced inflammation in mouse articular chondrocytes
stimulated with Fe (II) plus ascorbate. Int. ]. Biochem. Cell Biol. 2013, 45, 1610-1619. [CrossRef]

Lee, ].M.; Lee, WH.; Kay, H.Y.; Kim, E.S.; Moon, A.; Kim, S.G. Hemin, an iron-binding porphyrin, inhibits HIF-1alpha induction
through its binding with heat shock protein 90. Int. J. Cancer 2012, 130, 716-727. [CrossRef]


https://doi.org/10.1074/jbc.M308529200
https://doi.org/10.1155/2018/5828120
https://doi.org/10.1042/CS20190672
https://doi.org/10.1016/j.redox.2021.101912
https://doi.org/10.1016/j.freeradbiomed.2022.09.026
https://doi.org/10.1183/13993003.congress-2019.oa1628
https://doi.org/10.1074/jbc.M404003200
https://doi.org/10.1016/j.pharmthera.2015.12.003
https://doi.org/10.1007/BF03179812
https://www.ncbi.nlm.nih.gov/pubmed/11579997
https://doi.org/10.1152/ajpheart.00203.2011
https://www.ncbi.nlm.nih.gov/pubmed/22408027
https://doi.org/10.1093/bja/aew309
https://www.ncbi.nlm.nih.gov/pubmed/27799181
https://doi.org/10.1007/BF02854898
https://doi.org/10.1111/bph.12461
https://doi.org/10.3389/fcvm.2022.858594
https://doi.org/10.1111/bph.12468
https://doi.org/10.1155/2019/2346580
https://doi.org/10.1073/pnas.2002250117
https://doi.org/10.1016/j.jacbts.2018.12.005
https://doi.org/10.1016/j.ahj.2012.12.008
https://doi.org/10.1089/ars.2017.7453
https://doi.org/10.1016/j.biocel.2013.05.007
https://doi.org/10.1002/ijc.26075

Antioxidants 2023, 12,973 16 of 16

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Chaiswing, L.; Yarana, C.; Clair, W.S.; Tovmasyan, A.; Batinic-Haberle, I.; Spasojevic, I.; Clair, D.S. A Redox-active Mn Porphyrin,
MnTnBuOE-2-PyP5+, Synergizes with Carboplatin in Treatment of Chemoresistant Ovarian Cell Line. Oxidative Med. Cell. Longev.
2022, 2022, 9664636. [CrossRef]

Kolosova, N.G.; Stefanova, N.A.; Muraleva, N.A.; Skulachev, V.P. The mitochondria-targeted antioxidant SkQ1 but not N-
acetylcysteine reverses aging-related biomarkers in rats. Aging 2012, 4, 686—-694. [CrossRef]

Wang, X.X,; Li, Y.B.; Yao, H].; Ju, R]; Zhang, Y;; Li, RJ.; Yu, Y,; Zhang, L.; Lu, W.L. The use of mitochondrial targeting resveratrol
liposomes modified with a dequalinium polyethylene glycol-distearoylphosphatidyl ethanolamine conjugate to induce apoptosis
in resistant lung cancer cells. Biomaterials 2011, 32, 5673-5687. [CrossRef] [PubMed]

Baowen, Q.; Yulin, Z.; Xin, W.; Wenjing, X.; Hao, Z.; Zhizhi, C.; Xingmei, D.; Xia, Z.; Yuquan, W.; Lijuan, C. A further investigation
concerning correlation between anti-fibrotic effect of liposomal quercetin and inflammatory cytokines in pulmonary fibrosis. Eur.
J. Pharmacol. 2010, 642, 134-139. [CrossRef] [PubMed]

Sinjari, B.; Pizzicannella, J.; D’aurora, M.; Zappacosta, R.; Gatta, V.; Fontana, A.; Trubiani, O.; Diomede, F. Curcumin/Liposome
Nanotechnology as Delivery Platform for Anti-inflammatory Activities via NFkB/ERK/pERK Pathway in Human Dental Pulp
Treated With 2-HydroxyEthyl MethAcrylate (HEMA). Front. Physiol. 2019, 10, 633. [CrossRef] [PubMed]

Oyewole, A.O.; Birch-Machin, M.A. Mitochondria-targeted antioxidants. FASEB J. 2015, 29, 4766—4771. [CrossRef]

Reily, C.; Mitchell, T.; Chacko, B.K.; Benavides, G.A.; Murphy, M.P,; Darley-Usmar, V.M. Mitochondrially targeted compounds
and their impact on cellular bioenergetics. Redox Biol. 2013, 1, 86-93. [CrossRef]

Jauslin, M.L.; Meier, T.; Smith, R.A.].; Murphy, PM. Mitochondria-targeted antioxidants protect Friedreich Ataxia fibroblasts from
endogenous oxidative stress more effectively than untargeted antioxidants. FASEB J. 2003, 17, 1972-1974. [CrossRef]

Oyewole, A.O.; Wilmot, M.C.; Fowler, M.; Birch-Machin, M.A. Comparing the effects of mitochondrial targeted and localized
antioxidants with cellular antioxidants in human skin cells exposed to UVA and hydrogen peroxide. FASEB ]. 2014, 28, 485-494.
[CrossRef]

Banerjee, P; Saha, I.; Sarkar, D.; Maiti, A.K. Contributions and Limitations of Mitochondria-Targeted and Non-Targeted Antioxi-
dants in the Treatment of Parkinsonism: An Updated Review. Neurotox. Res. 2022, 40, 847-873. [CrossRef]

Gottwald, E.M.; Duss, M.; Bugarski, M.; Haenni, D.; Schuh, C.D.; Landau, E.M.; Hall, A.M. The targeted anti-oxidant MitoQ
causes mitochondrial swelling and depolarization in kidney tissue. Physiol. Rep. 2018, 6, €13667. [CrossRef]

Plotnikov, E.Y.; Zorov, D.B. Pros and Cons of Use of Mitochondria-Targeted Antioxidants. Antioxidants 2019, 8, 316. [CrossRef]
Haji, G.; Wiegman, C.H.; Michaeloudes, C.; Patel, M.S.; Curtis, K.; Bhavsar, P; Polkey, M.I.; Adcock, I.M.; Chung, K.F.; on behalf of
the COPDMAP Consortium. Mitochondrial dysfunction in airways and quadriceps muscle of patients with chronic obstructive
pulmonary disease. Respir. Res. 2020, 21, 262. [CrossRef]

Caldeira, d.A.F,; Weiss, D.J.; Rocco, PR.M; Silva, P.L.; Cruz, EF. Mitochondria in Focus: From Function to Therapeutic Strategies
in Chronic Lung Diseases. Front. Immunol. 2021, 12, 782074. [CrossRef]

Paudel, K.R.; Wadhwa, R.; Mehta, M.; Chellappan, D.K.; Hansbro, PM.; Dua, K. Rutin loaded liquid crystalline nanoparticles
inhibit lipopolysaccharide induced oxidative stress and apoptosis in bronchial epithelial cells in vitro. Toxicol. In Vitro 2020, 68,
104961. [CrossRef]

Mehta, M.; Satija, S.; Paudel, K.R.; Liu, G.; Chellappan, D.K.; Hansbro, P; Dua, K. Incipient need of targeting airway remodeling
using advanced drug delivery in chronic respiratory diseases. Future Med. Chem. 2020, 12, 873-875. [CrossRef]

Sulaimon, L.A.; Afolabi, L.O.; Adisa, R.A.; Ayankojo, A.G.; Afolabi, M.O.; Adewolu, A.M.; Wan, X. Pharmacological significance
of MitoQ in ameliorating mitochondria-related diseases. Adv. Redox Res. 2022, 5, 100037. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1155/2022/9664636
https://doi.org/10.18632/aging.100493
https://doi.org/10.1016/j.biomaterials.2011.04.029
https://www.ncbi.nlm.nih.gov/pubmed/21550109
https://doi.org/10.1016/j.ejphar.2010.05.019
https://www.ncbi.nlm.nih.gov/pubmed/20510684
https://doi.org/10.3389/fphys.2019.00633
https://www.ncbi.nlm.nih.gov/pubmed/31244665
https://doi.org/10.1096/fj.15-275404
https://doi.org/10.1016/j.redox.2012.11.009
https://doi.org/10.1096/fj.03-0240fje
https://doi.org/10.1096/fj.13-237008
https://doi.org/10.1007/s12640-022-00501-x
https://doi.org/10.14814/phy2.13667
https://doi.org/10.3390/antiox8080316
https://doi.org/10.1186/s12931-020-01527-5
https://doi.org/10.3389/fimmu.2021.782074
https://doi.org/10.1016/j.tiv.2020.104961
https://doi.org/10.4155/fmc-2020-0091
https://doi.org/10.1016/j.arres.2022.100037

	Introduction 
	Oxidative Stress in COPD 
	Non-Targeted Antioxidants in COPD 
	Mitochondria-Targeted Antioxidants in COPD 
	Lipophilic Cation-Linked MTAs 
	MitoQ: MitoQ Is a Conjugation of TPP and Ubiquinone 
	SkQ1 and SKQR1 
	MitoTEMPOL and MitoTEMPO 
	MitoVitE 

	Peptide-Based MTAs 
	Mn (III) Porphyrin-Based MTAs 
	Liposome-Encapsulated MTAs 

	Non-Targeted versus Mitochondria-Targeted Antioxidants 
	Limitations and Future Perspectives for MTAs in COPD 
	Conclusions 
	References

