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Abstract: Mitochondrial dysfunction significantly contributes to the pathogenesis and progression of
chronic obstructive pulmonary disease (COPD). To treat mitochondrial dysfunction in COPD, novel
drug delivery systems (DDS) are needed. In this review, we provide a brief overview of the current
understanding of the factors in COPD and highlight the trends in novel nanocarriers/nanoparticles
for targeting mitochondrial dysfunction. These drug-encapsulated nanoparticles are still in the early
stages of clinical application but represent the most promising system for COPD therapy.
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1. Introduction

Chronic obstructive pulmonary disease (COPD) is a common lung disease and a gen-
eral term for progressive diseases of the respiratory system that comprise chronic bronchitis
and emphysema. COPD is characterized by chronic inflammation, progressive airway
constriction, and alveolar destruction, resulting in symptoms such as persistent cough,
shortness of breath, and increased mucus production [1]. The symptoms of this incurable
lung disease are thought to be mainly caused by inflammation of bronchial /airway ep-
ithelial cells, impaired lung fibroblasts, and alveolar destruction [2]. The Global Initiative
for Chronic Obstructive Lung Disease (GOLD) has recently proposed a new definition of
COPD as a “heterogeneous lung condition characterized by chronic respiratory symptoms
(dyspnea, cough, expectoration, exacerbations) due to abnormalities of the airways (bron-
chitis, bronchiolitis) and/or alveoli (emphysema) that cause persistent, often progressive,
airflow obstruction” [2]. While cigarette smoking is the primary cause of COPD, prolonged
exposure to harmful environmental pollutants, including dust, fumes, chemicals, air pol-
lution (such as PM2.5 and toxic gases), and indoor smoke from coal or biomass fuels can
also contribute to the onset of the disease [1]. The World Health Organization reported
over 320 million COPD patients in 2020, and the disease is also attributed to over 3 million
annual deaths, the third leading cause of death globally [3].

Despite the worldwide prevalence of COPD, the molecular processes underlying the
disease still remain elusive [4]. Therefore, current treatment methods for COPD are limited
to symptomatic therapy. Since COPD is progressive, the treatment approach depends on
severity. Bronchodilators (32 agonists, anticholinergics, and theophylline) are commonly
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used for stable COPD patients. For more severe cases, combination therapy of long-acting
32 agonists (LABA) or long-acting muscarinic antagonists (LAMA) with inhaled corti-
costeroids (ICS) is the standard treatment for COPD. Triple therapy (LABA/LAMA/ICS)
might also be considered an option for certain patients. These medications are generally
administrated by inhalation [5].

Mitochondria are known as “the powerhouse of the cell” because of their main role in
the energy production of ATP synthesis via oxidative phosphorylation. But mitochondria
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are not just the powerhouse of the cell. In addition to energy production, mitochondria
execute many other crucial functions such as regulation of cellular metabolism, nucleotide-
synthesizing, calcium-buffering, and control of cell cycle and cell death [6]. The decline or
dysregulation of these functions of mitochondria is leading to the overproduction of ROS,
loss of ATP and metabolite production, disruption of calcium homeostasis, and senescence
induction [6]. The accumulation of dysfunctional mitochondria in cells is associated with
metabolic disorders [7,8], signal transduction abnormalities [9], inflammation [10], and mal-
function not only at the cellular level but also in tissues, organs, and the entire organism. In
recent years, the relationship between mitochondrial dysfunction and many diseases, such
as cancer, diabetes, and neurodegenerative diseases, has been well-recognized [6,11,12].
Although the exact mechanisms are still being studied, recent studies suggest that mito-
chondrial dysfunction contributes to the development and progression of COPD [13,14].
Oxidative stress, inflammation, apoptosis, cellular senescence, skeletal muscle dysfunction,
and autophagy/mitophagy dysfunction might be related to both mitochondrial dysfunc-
tion and COPD (Table 1). These connections are being explored, but the relationship is
complex and not fully understood [15]. Researchers continue to investigate the molecular
pathways and mechanisms underlying this relationship in order to better understand how
mitochondrial dysfunction contributes to COPD pathogenesis (Figure 1).

Table 1. Potential relationship between mitochondrial dysfunction and COPD.

Biological Events

Relation to Mitochondrial Dysfunction and COPD

References

Oxidative Stress

Mitochondrial ROS are natural byproducts of cellular respiration. However,
stress-induced mitochondrial dysfunction causes excessive ROS production,
contributing to inflammatory immune responses and alternation of functions in
lung and airway epithelial cells, leading to the development of COPD.

[16-18]

Inflammation

Airway inflammation caused by altered immunity is associated with the
pathogenesis and progression of COPD. Inflammatory responses affect
mitochondrial function, and dysfunctional mitochondria, in turn, release molecules
to promote inflammation, creating a negative feedback loop.

[19]

Apoptosis

Oxidative stress-induced abnormal apoptosis of alveolar epithelial cells and
decrease in VEGF result in the emphysema observed in COPD. Activated CD8+ cells
further induce apoptosis of alveolar cells. Reduction in neutrophil apoptosis leads to
chronic inflammation and tissue injury. Increased apoptosis of T-cells contributes to
the high frequency of infections in COPD patients.

[20,21]

Cellular
Senescence

Excessive ROS accelerate cellular senescence and aberrant cytokine secretion.
Senescent cells propagate inflammation, and the accumulation of senescent cells in
COPD patients contributes to the difficulty of tissue repair and further secretion of
multiple inflammatory proteins and cytokines.

[22,23]

Skeletal Muscle
Dysfunction

Dysfunctional mitochondria in skeletal cells decrease ATP production, potentially
contributing to the weakness of muscle contractility and endurance often
experienced by COPD patients. Skeletal muscle dysfunction further exacerbates the
symptoms of COPD.

[24,25]

Autophagy

Dysregulated autophagy in COPD contributes to an inappropriate immune
response, exaggerated inflammation, and exacerbated proteostasis imbalance.
Autophagy in airway smooth muscle cells influences airway remodeling and
bronchial hyperresponsiveness.

[26-29]

Mitophagy

Mitophagy removes damaged mitochondria from the cell and suppresses oxidative
stress. The accumulation of dysfunctional mitochondria due to impaired mitophagy
in COPD leads to excessive ROS generation, resulting in further oxidative stress and
cellular damage.

[28,29]
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Figure 1. Potential relationship between mitochondrial dysfunction and dysregulation in the cellular
function with COPD.

Here, we provide a current overview of how mitochondrial dysfunctions impinge
on COPD. Additionally, this review highlights a nanoparticle-based drug delivery system
(DDS) for COPD therapy.

2. Mitochondrial Dysfunction in COPD
2.1. Oxidative Stress/Reactive Oxygen Species (ROS)

Oxidative stress has been recognized as a major risk factor for COPD pathogenesis and
a target for COPD treatments. Exogenous ROS, such as cigarette smoke or harmful stimuli,
and endogenous ROS from activated inflammatory cells or dysfunctional mitochondria
may affect signaling pathways and antioxidant defenses, leading to damage and death
of epithelial cells in the airway and lung, which may contribute to the development and
progression of COPD [16].

Currently, there is accumulating evidence of mitochondrial dysfunction and over-
production of mitochondrial ROS in the lung/pulmonary epithelial cells of COPD pa-
tients [17,18,30]. Cigarette smoke contains 10'°~10'” ROS/puff [31], responsible for mito-
chondrial DNA (mtDNA) damage and mitochondrial ROS generation. Oxidative stress-
induced mitochondrial ROS activate the immune response in lung tissue, resulting in the
production of inflammatory cytokines and secretion of pro-inflammatory interleukins [19].
Long-term cigarette smoke exposure leads to changes in mitochondrial structure and func-
tion in bronchial epithelial cells [32], resulting in extensive apoptosis [20,21] and cellular
senescence [22,23].

Mitochondrial ROS and dysfunction of mitochondria contribute to the reduction in
skeletal muscle strength and exercise endurance in COPD patients [24]. Skeletal muscle
cells in COPD patients are characterized by increased mitochondrial ROS, decreased mito-
chondrial biogenesis and ATP production, and impaired mitochondrial respiratory chain
complexes, possibly associated with mitochondrial apoptosis [25].

2.2. Autophagy and Mitophagy

Autophagy and mitophagy are cellular processes for maintaining cellular health and
functions and preventing the accumulation of dysfunctional cellular components. Autophagy
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degrades damaged or abnormal cellular components to maintain cellular homeostasis. Mi-
tophagy is a specific form of autophagy that selectivity removes impaired mitochondria.

Accumulating evidence has demonstrated the activation of autophagy in the lung
tissue of human COPD patients and model mice [26]. For example, cigarette smoke extract-
exposed mice lung tissues showed a remarkable elevation of the LC3-1I/LC3-I ratio [33].
Autophagy activation protects the lung by decreasing cellular senescence [27]. How-
ever, autophagy exerts both protective and destructive effects in COPD [28,29]. Activated
autophagy increases inflammatory cytokines such as TNF-, IL-6, and IL-8, leading to ag-
gravating pathological processes of COPD and affecting prognosis [33]. Therefore, whether
autophagy activation protects the lung or aggravates COPD needs further elucidation.

Mitophagy is generally thought to control the quality of mitochondria by eliminating
dysfunctional mitochondria [34]. However, in COPD patients, cigarette smoke extract
impairs Parkin-dependent mitophagy by the accumulation of cytoplasmic p53, which
inhibits Parkin recruitment to damaged mitochondria [35]. Impaired mitophagy and
accumulation of dysfunctional mitochondria affect the activity of epithelial cells in the lung
and promote COPD. In addition, cigarette smoke exposure-induced mitophagy regulates
RIP1/RIP3 kinase-depended necroptosis, a programmed cell death in necrosis. In the lungs
of COPD patients, the expression of mitophagy-associated molecule PINK1 and necroptosis-
associated molecule RIP3 is enhanced compared to that of healthy individuals, suggesting
that mitophagy is associated with necroptosis induction involved in the pathogenesis of
COPD [36].

Understanding these mechanisms could potentially lead to the development of tar-
geted therapies to restore or enhance autophagy and mitophagy processes. However,
further research is needed to fully elucidate the precise roles and interactions of au-
tophagy/mitophagy in COPD.

3. Mitochondrial Transfer

Transfer of healthy mitochondria can restore damaged cells and maintain tissue home-
ostasis. For example, intercellular mitochondrial transfer from mesenchymal stem cells
(MSCs) to lung structural cells reduces mitochondrial damage due to oxidative stress [37].
Therefore, intercellular mitochondrial transfer and artificial mitochondrial transfer have
been expected for novel therapeutic approaches for COPD [38,39].

Agrawal et al. demonstrated that levels of mitochondrial Rho-GTPase (Mirol) in
MSCs regulate intercellular mitochondrial transfer. Mitochondrial dysfunction in bronchial
epithelial cells treated with a pro-inflammatory supernatant of IL-13-induced macrophages
was reversed by the donation of mitochondria from Mirol-overexpressed MSCs. This result
suggests that amplification of mitochondrial transfer may increase the efficacy of MSCs to
repair cell functions of damaged cells in COPD [40].

A recent report demonstrates that airway smooth muscle cells (ASMCs) also exchange
mitochondria by extracellular vesicles (EVs) under the stress of cigarette smoke. The au-
thors also found autophagy-related proteins in the EVs, suggesting that the transferred
damaged mitochondria were delivered for outsourced degradation referred to as “transmi-
tophagy” owing to regulation bioenergetics and cellular function in airways. The results are
particularly intriguing since they suggest novel homeostatic mechanisms in lung stromal
cells and a new potential treatment modality for COPD [41].

4. Relationship between Epigenetic Dysregulation and Mitochondrial Dysfunction

Epigenetics refers to the regulation of gene expression without any alterations in
DNA sequence but rather by changes to DNA methylation (methylation of cytosines in
the promotor region of genes) or histone modification (acetylation or methylation of lysine
in histone tails). These epigenetic modifications influence how genes turn-on or turn-off,
thereby affecting the activity of specific genes and corresponding proteins [42].

Several studies have suggested a connection between epigenetic changes and the
development and progression of COPD. For example, cigarette smoke and air pollution
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can induce epigenetic changes [43,44]. Liu et al. reported that chronic exposure of cigarette
smoke condensate to human small airway epithelial cells and bronchial epithelial cells
induces histone alterations (increasing of H3K27Me3 and decreasing of H4K16Ac and
H4K20Me3) together with a reduction in DNA methyltransferase-1 (DNMT1) and an in-
crease in DNMT3b expression, resulting in hypomethylation of repetitive DNA sequences
(D474, NBL2, and LINE-1) and hypermethylation of tumor suppressor genes such as
RASSF1A and RAR-f [45]. These changes can alter the expression/silencing of the target
genes, increasing the risk of developing COPD. The DNA methylation patterns of human
lung fibroblasts of different COPD stages were recently analyzed [46]. The high-resolution
multi-omic analysis demonstrated that significant changes, particularly in genome regula-
tory regions, occur at an early stage. They identified that the regions contain binding sites
for transcription factors TCF21 and FOSL2/FRAZ2 as novel regulators of the key fibroblast
processes in COPD [46].

In patients with COPD, the epigenome of lung cells has significantly altered and
regulated changes in cellular programming. The suppression and prevention of the devel-
opment of COPD are aided by the dysregulation of histone deacetylase (HDAC) activity
caused by certain variables and miRNAs. Additionally, COPD treatments are suggested
that target HDAC2 and miRNA. However, it is still unknown which epigenetic alterations
directly affect lung fibroblasts or how these changes activate aberrant signaling pathways
inducing fibroblast dysfunction [44].

Epigenetic modifications can also influence mitochondrial metabolism and biogen-
esis. For example, changes in mitochondrial DNA can influence the regulation of genes
encoding proteins involved in oxidative phosphorylation. The increased production of ROS
from damaged mitochondria can lead to DNA damage and modify epigenetic marks [47].
Conversely, these epigenetic changes can affect gene expression and contribute to the de-
velopment of COPD. In summary, epigenetic dysregulation and mitochondrial dysfunction
are intricately linked processes that can influence each other bidirectionally.

Understanding the intricate relationship between epigenetics and mitochondrial dys-
function in COPD could provide insights into disease mechanisms and the discovery of
novel biomarkers or potential therapeutic targets. In addition, epigenetic modifications are
reversible in some cases, which raises the possibility of developing interventions to mitigate
the symptoms of COPD or slow progression by targeting these epigenetic changes [48,49].
However, further research is needed to fully elucidate the specific epigenetic mechanisms
underlying COPD and their potential clinical applications.

5. Nanocarrier-Based Treatments for COPD

Oxidative stress is an effective target for COPD treatment, but conventional antioxi-
dants face obstructions such as airway immune response, mucous hypersecretion, inflam-
mation, and low bioavailability, necessitating an efficient DDS [50].

The most successful drug delivery platform for COPD currently under development
is nanoparticles used as carriers (Figure 2) because nanoparticles provide various advan-
tages [51-54]. For instance, the use of nanoparticles allows for better penetration into
alveolar epithelial tissue than conventional treatments, minimizes drug dosage by attach-
ment of targeting function, and can transport poorly soluble drugs, leading to enhanced
treatment efficacy together with reducing toxicity [55]. Nanoparticle-based drug carriers
can also be modified to effectively deliver drugs to target organelles such as mitochon-
dria [56]. However, current challenges in nanoparticle-based respiratory disease treatment
are airway defense, mucus hypersecretion, and severe inflammation. Surface modification
and size control of nanoparticles are important to enhance biodistribution [57,58].
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Figure 2. Representative nanoparticles for COPD treatments.

5.1. Liposomes

Liposomes are a promising platform for nanoparticle-based DDS and the most com-
mon type of FDA /EMA-approved nanoparticles. Liposomes can transport both hydrophilic
and hydrophobic/lipophilic drugs, making them suitable for combination therapy in COPD.
In addition, liposomes often modify their surface to enhance the delivery of encapsulated
drugs [59-61]. For example, curcumin-loaded liposomes coated with chitosan or hyaluronic
acid were prepared to improve the antioxidant effect [62]. Both examples of polymer-coated
liposomes greatly improved the stability, biocompatibility, and antioxidant ability of cur-
cumin to protect A549 cells from mitochondrial oxidative stress. In particular, hyaluronic
acid-coated liposomes showed enhancement of proliferation and metabolic activity [62].

A major challenge in transferring liposome-based treatments from research to clinical
stages exists in the administration method of liposomes. Although inhaled therapy is
a fundamental key in COPD treatments, inhalation of liposomes has limitations due to
the instability of liposomes during dehydration, storage, and nebulization, leading to
leakage of drugs. To be effective, liposomes must maintain their physical properties at
pre-/post-inhalation, necessitating approaches for increased stability. Currently, a number
of nebulizable liposome formulations have entered clinical trials [63].

5.2. Polymeric Nanoparticles

Biodegradable polymer-based nanoparticles have great potential as DDS and various
polymeric nanoparticles have been reported for COPD treatments.

PLA nanoparticles are FDA-approved carriers and have been applied as drug carriers
for the treatment of COPD. Buhecha et al. prepared poly(lactic acid) nanoparticles (PLA
NPs) co-encapsulated theophylline (hydrophilic bronchodilator) and budesonide (lipophilic
corticosteroid) by a double emulsification solvent diffusion method for combination therapy
of COPD [64]. The PLA NPs showed sustained release of the two drugs into a 1:1 mixture
of simulated lung fluid and MeOH, which is expected to extend the dose intervals and
reduce the incidence of side effects.

Neutrophils have emerged as a novel target in COPD treatments. Neutrophils usually
help defend the lungs against the risk of infections, but migration and accumulation of
activated neutrophils at inflammatory tissues lead to further damage to the lungs in COPD
patients. However, drug delivery to neutrophils remains a significant challenge. Surface
modification with specific ligands can improve targeting and enhance drug delivery. Vij
et al. demonstrated that a PEGylated PLGA-nanoparticle conjugated with anti-NIMP-
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R14 antibodies selectively delivered ibuprofen into neutrophils to inhibit neutrophilic
inflammation in COPD model mice [65].

In recent years, the study of RNA-based COPD treatments has increased. Direct
delivery of RNA is optimal for minimizing adverse reactions, but the elevation of RNA sta-
bility during delivery remains the next challenge to realize RNA therapies [66]. Mohamed
et al. demonstrate the potential of polymeric nanoparticles as a miRNA delivery vehicle.
They used a mixture of poly(glycerol adipate-co-w-pentadecalactone) (PGA-co-PDL) and
cationic lipid (DOTAP) for the carrier of miR-146a. The miRNA-loaded nanocomposite
particles effectively delivered miR-146a into lung epithelial cells and reduced the expression
of the target gene and the level of the IRAK1 protein [67]. Then, the authors applied the
miR-146a /PGA-co-PDL nanoparticles for dry powder inhalation. L-leucine and mannitol
were used as dispersion enhancers and protective excipients to formulate micro-sized
composite particles by spray-drying [68].

5.3. Lipid-Polymer Hybrid Nanoparticles

Lipid-polymer nanoparticles are hybrid-type nanoparticles with a biodegradable
polymer core and lipid shell. These lipid-enveloped polymeric nanoparticles have features
of polymeric nanoparticles and liposomes.

Craparo et al. prepared alveolar macrophage-targeted lipid-polymer hybrid nanopar-
ticles as a potential carrier for the delivery of Roflumilast, a PDE4 inhibitor, to treat COPD
because the overexpression of PDE4 in alveolar macrophages implicated the inflammatory
pathogen [69]. Roflumilast-loaded polymeric nanoparticles and liposomal vesicles of DPPC
and DSPE-PEG2000-mannose phospholipids were combined by high-pressure homogeniza-
tion. The obtained core-shell type lipid-polymer hybrid nanoparticles slowly released the
drug which was taken up by macrophages via a mannose-mediated process through bind-
ing to mannose receptors overexpressed on the surface of alveolar macrophages in the lungs
of COPD patients. The hybrid nanoparticles were successfully encapsulated in poly(vinyl
alcohol)/leucine-based microparticles into an inhalable formulation by spray drying.

Excessive ROS production by mitochondrial dysfunction leads to a decrease in histone
deacetylase 2 (HDAC?2) that causes glucocorticoid resistance in COPD patients in an epige-
netic manner [43,70]. To improve glucocorticoid resistance, Chikuma et al. prepared lipid-
polymer hybrid nanoparticles composed of a Mn-porphyrin dimer (MnPD)-encapsulated
PLGA core coated with a HDAC2-encoding plasmid DNA (pHDAC2)-bound cationic lipid
(DOTAP) shell. Co-delivery of MnPD and pHDAC?2 exhibited effective elimination of
mitochondrial ROS and significant enhancement of HDAC2 expression with a decrease in
IL-8 expression that indicates improvement of glucocorticoid resistance in COPD model
cells [71].

5.4. Lipid Nanoparticles

Lipid nanoparticles (LNPs) are now widely used for nucleic acid delivery vehicles,
which generally consist of four lipids: ionizable lipids necessary to form complexes with nu-
cleic acids and promote endosomal escape, phospholipids for particle formation, cholesterol
for stability and membrane fusion, and PEGylated lipids for improved circulation [72].

Recently, powdered LNPs compatible with dry powder inhaler devices have been
investigated. Powdered LNPs prepared under proper manufacturing conditions not only
recapitulate drug efficacy but also improve the stability of nanoparticles and encapsulated
drugs. Zimmermann et al. tested the spray-drying process of siRNA-encapsulated LNP
powders. The spray dried LNPs, prepared using 5% lactose solution, effectively penetrated
into the artificial mucus layer and showed efficient gene silencing (>90% protein downregu-
lation) in H1299 cells with good cellular compatibility. The spray dried LNPs also efficiently
encapsulated up to 50% silenced GAPDH genes in ex vivo human lung tissues [73].
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5.5. Inorganic Nanoparticles

Metallic nanoparticles such as Au and TiO, or inorganic materials such as calcium
phosphate have been suggested as potential nanocarriers for COPD treatment [74,75].

Wang et al. fabricated mitochondria-targeting porous Se@SiO, antioxidant nanoparti-
cles, which showed evaluated protective effects on airway epithelial cells and an acute lung
injury model mouse through reducing mitochondrial ROS. Pretreatment with the Se@SiO,
nanoparticles significantly increased the resistance to oxidative injury and suppressed
LPS-induced gene expression changes (downregulation of mitochondrial fusion proteins
such as OPA1 and MFN2) by maintaining mitochondrial dynamics, suggesting therapeutic
potential for acute lung injury [76].

Although intercellular mitochondrial transfer protects the injured cells, it limits trans-
fer efficiency and selectivity for therapeutic utilization. Huang et al. report a potential
method of using iron oxide nanoparticles that induce the transfer of healthy mitochon-
dria from hMSCs to damaged cells to repair mitochondrial dysfunctions by enhance-
ment of connexin43-containing intercellular gap junctions through the JNK pathway. The
nanoparticle-treated MSCs significantly reduced fibrosis progression in a pulmonary fibro-
sis model mouse without serious safety issues [77].

Li et al. successfully prepared drug-controlled-release chitosan/black phosphorus
quantum dot nanoparticles (PEG@CS/BPQDs-AM NPs) by ion crosslinking and PEG
modification [78]. The nanoparticles effectively penetrated into the pulmonary mucus
barrier and adhered to mucosal epithelial cells. Then, BPQDs were rapidly degraded
and released amikacin, an antibacterial drug for gram-negative bacilli lung infections
intercurrent with COPD. At the same time, the protonated chitosan effectively avoided
biofilm formation by the antibacterial effect. In vivo experiments in mice demonstrated
a significant improvement of airway obstruction and inhibition effects on pseudomonas
aeruginosa, leading to a significant reduction in the toxicity and side effects.

On the other hand, it has been noted that inorganic nanoparticles induce potential
toxicity through the accumulation of ROS, mitochondrial damage, inflammation, apoptosis,
DNA damage, cell cycle, and epigenetic regulation linked with mitochondrial dysfunc-
tion [79,80].

5.6. Exosomes

Exosomes and EVs are small vesicles released from various cells for transporting
bioactive molecules and signaling molecules such as proteins and nucleic acids for in-
tercellular communication. Recently, they have gained significant attention due to their
roles in physiological and pathological processes, including their potential involvement
in COPD [81,82]. Several studies reported increased secretion of endothelial cell-derived
exosomes in COPD patients, suggesting that the exosomes are related to the exacerbation
of COPD [83]. The promotion of COPD also affects the profile of miRNA in exosomes.
For instance, cigarette smoke exposure alters exosomes released from bronchial epithelial
cells and significantly increases miR-210. The exosomes are taken up by lung fibroblasts,
and the delivered miR-210 downregulates autophagy and induces differentiation into
myofibroblasts. Accumulation of this degeneration potentially leads to exacerbated airflow
obstruction [84].

Preclinical studies suggest that MSC-based cell therapy is a novel treatment modality
for COPD due to its differentiation potential into alveolar epithelial cells and immunomod-
ulatory properties [85]. Although the MSC-mediated effects are the paracrine action of
their exosomes, most of the study of COPD treatments using MSC-derived exosomes is
still limited to animal models [86].

Maremanda et al. investigated the combination treatment of MSCs and MSC-derived
exosomes in cigarette smoke-exposed COPD model mice. Although cigarette smoke
exposure led to a significant increase in mitochondrial fission protein DRP1 and damage-
associated molecular pattern mediators S100A4/AB, HMGB1, RAGE, and AGE, the com-
bination treatment increased the expression of mitochondrial fusion genes (mfnl, mfn2,
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and opal) and mitochondrial transport/mitophagy facilitating genes (rhot1), indicating the
protection effects against lung inflammation caused by mitochondrial dysfunction [87].

While the role of exosomes and EVs in COPD is an active area of research, our
understanding of their precise contributions to the disease is still evolving. Further studies
are needed to elucidate the influence of COPD progression and to explore their therapeutic
targets. In addition, the heterogeneity of exosomes might limit the extensive application in
COPD patients [86].

6. Concluding Remarks

In this concise review, we have overviewed current knowledge and efforts about
treatments for COPD focused on mitochondrial dysfunction and nanoparticle-based ther-
apy. As tackled against the intricate and multi-faceted connections between mitochondrial
dysfunction and COPD, nanoparticle-based DDS offers a promising avenue to enhance
therapeutic efficacy. Alongside exploring advanced drug delivery methods, further efforts
to elucidate the molecular pathways linking mitochondrial dysfunction and COPD are
crucial for developing more efficient targeted therapeutic strategies. By leveraging knowl-
edge and drug-delivery systems, we can enhance the precision and effectiveness of COPD
therapies, potentially improving the quality of life for patients with COPD.
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