Taylor & Francis
Taylor & Francis Group

COPD: Journal of Chronic Obstructive Pulmonary Disease

ISSN: (Print) (Online) Journal homepage: www.informahealthcare.com/journals/icop20

Imbalanced and Unchecked: The Role of Metal
Dyshomeostasis in Driving COPD Progression

Ye Cui, Xingian Du, Yungqi Li, Dan Wang, Zhe Lv, Huihui Yuan, Yan Chen, Jie
Liu, Ying Sun & Wei Wang

To cite this article: Ye Cui, Xingian Du, Yunqi Li, Dan Wang, Zhe Lv, Huihui Yuan, Yan
Chen, Jie Liu, Ying Sun & Wei Wang (2024) Imbalanced and Unchecked: The Role of Metal
Dyshomeostasis in Driving COPD Progression, COPD: Journal of Chronic Obstructive
Pulmonary Disease, 21:1, 2322605, DOI: 10.1080/15412555.2024.2322605

To link to this article: https://doi.org/10.1080/15412555.2024.2322605

© 2024 The Author(s). Published with
license by Taylor & Francis Group, LLC

@ Published online: 09 Apr 2024.

N
[:J/ Submit your article to this journal &

||I| Article views: 618

A
& View related articles &'

/a0

@ View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.informahealthcare.com/action/journalinformation?journalCode=icop20


https://www.informahealthcare.com/action/journalInformation?journalCode=icop20
https://www.informahealthcare.com/journals/icop20?src=pdf
https://www.informahealthcare.com/action/showCitFormats?doi=10.1080/15412555.2024.2322605
https://doi.org/10.1080/15412555.2024.2322605
https://www.informahealthcare.com/action/authorSubmission?journalCode=icop20&show=instructions&src=pdf
https://www.informahealthcare.com/action/authorSubmission?journalCode=icop20&show=instructions&src=pdf
https://www.informahealthcare.com/doi/mlt/10.1080/15412555.2024.2322605?src=pdf
https://www.informahealthcare.com/doi/mlt/10.1080/15412555.2024.2322605?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/15412555.2024.2322605&domain=pdf&date_stamp=09 Apr 2024
http://crossmark.crossref.org/dialog/?doi=10.1080/15412555.2024.2322605&domain=pdf&date_stamp=09 Apr 2024

COPD: JOURNAL OF CHRONIC OBSTRUCTIVE PULMONARY DISEASE 3
g

2024, VOL. 21, NO. 1, 2322605 g RoutIedge

https://doi.org/10.1080/15412555.2024.2322605 a Taylor & Francis Group

3 OPEN ACCESS | ®) checkforupises

Imbalanced and Unchecked: The Role of Metal Dyshomeostasis in Driving
COPD Progression

Ye Cui, Xingian Du, Yungi Li, Dan Wang, Zhe Lv, Huihui Yuan, Yan Chen, Jie Liu, Ying Sun and Wei Wang

Department of Immunology, School of Basic Medical Sciences, Capital Medical University, Beijing, People’s Republic of China

ARTICLE HISTORY
Received 25 October 2023
Accepted 19 February 2024

ABSTRACT

Chronic obstructive pulmonary disease (COPD) is a chronic respiratory condition characterized by
persistent inflammation and oxidative stress, which ultimately leads to progressive restriction of
airflow. Extensive research findings have cogently suggested that the dysregulation of essential
transition metal ions, notably iron, copper, and zinc, stands as a critical nexus in the perpetuation
of inflammatory processes and oxidative damage within the lungs of COPD patients. Unraveling the
intricate interplay between metal homeostasis, oxidative stress, and inflammatory signaling is of
paramount importance in unraveling the intricacies of COPD pathogenesis. This comprehensive
review aims to examine the current literature on the sources, regulation, and mechanisms by which
metal dyshomeostasis contributes to COPD progression. We specifically focus on iron, copper, and
zing, given their well-characterized roles in orchestrating cytokine production, immune cell function,
antioxidant depletion, and matrix remodeling. Despite the limited number of clinical trials
investigating metal modulation in COPD, the advent of emerging methodologies tailored to monitor
metal fluxes and gauge responses to chelation and supplementation hold great promise in unlocking
the potential of metal-based interventions. We conclude that targeted restoration of metal
homeostasis represents a promising frontier for ameliorating pathological processes driving COPD
progression.

KEYWORDS
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Introduction Metal ions, such as iron, copper, and zinc, are essential
micronutrients that play critical roles in maintaining human
health and lifespan [16]. These metals are critical cofactors
for an extensive array of enzymes and proteins involved in
key biochemical processes [17]. They also serve as match-
makers and coordinate the interaction of protein subunits
[18,19] (Figure 1). Optimal levels of these micronutrients
are crucial for diverse activities ranging from oxygen trans-
port to DNA synthesis and antioxidant defenses [20-22].
Maintaining a delicate balance of these transition metals is
imperative for normal biological functions, while disruptions

Chronic obstructive pulmonary disease (COPD) stands as a
prominent global cause of morbidity and mortality, predicted
to rank as the third leading cause of death by 2030 [1-3].
Encompassing emphysema, chronic bronchitis, and small
airways disease, COPD manifests through persistent respira-
tory symptoms, progressive and irreversible airflow limita-
tion, and chronic inflaimmatory responses in the lungs
triggered by inhaled irritants [4-7]. Although smoking
remains the primary risk factor [8], the development of
COPD among only a subset of smokers suggests the involve-

ment of other mediators [9], leaving the key drivers of dis-
ease onset and progression shrouded in uncertainty.

Central to the hallmark features of COPD are chronic
airway inflammation, lung parenchyma inflammation, and
pulmonary vascular inflammation. These processes are intri-
cately intertwined with oxidative stress resulting from an
imbalance between reactive oxygen species (ROS) and
endogenous antioxidant defenses [10-14]. ROS, encompass-
ing oxygen radicals like superoxide and hydroxyl radicals, as
well as non-radical species like hydrogen peroxide, inflict
cellular injury by oxidizing DNA, proteins, and lipids when
not adequately countered by antioxidants [15].

in metal ion equilibrium have far-reaching detrimental con-
sequences on systemic physiology and pose risks for the
development of chronic diseases [17,23].

Recent evidence has highlighted the dysregulation of
transition metal ions, specifically iron, copper, and zinc, as
pivotal culprits that amplify both inflammation and oxida-
tive damage within the lungs. This metal ion imbalance has
emerged as a key driver of COPD pathogenesis [24-27].
These redox-active transition metals catalyze the production
of detrimental ROS through Fenton chemistry and related
reactions [28]. When present in excess or deficiency, these
metals further augment cytokine production, immune cell
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Figure 1. Metal ions serve as matchmakers and coordinate the interaction of protein subunits.

activation, and tissue remodeling [27,29,30]. Imbalances in
the homeostasis and regulation of these metals appear to
critically perpetuate the vicious cycle of inflammation,
oxidative stress, and lung damage as COPD progresses
[31-33].

In this review, we delve into the current mechanistic
insights surrounding the contributions of metal dyshomeo-
stasis to COPD pathogenesis. Our primary focus lies on
iron, copper, and zinc, given their extensive characterization
and well-established roles as inflammatory mediators. By
unraveling their impacts on inflammatory and oxidative
pathways, we aim to provide strategies for preventing or
mitigating disease progression through targeted metal mod-
ulation and monitoring. Ultimately, we conclude that restor-
ing metal ion homeostasis represents a promising yet
underutilized therapeutic avenue that warrants further clini-
cal development.

The origins of metal metabolism alterations in
CcoPD

The origins of metal metabolism alterations in COPD are
multifactorial and not yet fully elucidated. Potential contrib-
utors include environmental exposures, ROS, inflammation,
and nutritional influences. Environmental factors, especially
cigarette smoke exposure, are well-established risk factors
for COPD [34-36]. Cigarette smoke contains a plethora of
toxic substances, including various metals. These metals
have the potential to disrupt the delicate equilibrium of
metal ions within the pulmonary system [37,38]. Additionally,
the high levels of ROS present in cigarette smoke can alter
the expression and function of proteins involved in metal
distribution [39,40], contributing to dysregulated metal
homeostasis. The chronic inflammatory milieu in the lungs
of COPD patients, mediated by increased levels of



inflammatory cells and cytokines, appears to impact metal
homeostasis as well. Notably, pro-inflammatory cytokines
such as IL-1p and IL-6 have been shown to upregulate
metal transporter proteins [41,42], potentially enhancing
cellular metal uptake and retention. Moreover, nutritional
factors, particularly dietary deficiencies, also play a key role
in shaping metal metabolism and modulating COPD pro-
gression. For example, a correlation has been observed
between low zinc intake and an increased prevalence of
COPD [43]. Overall, further research is needed to delineate
the complex web of events leading to aberrant metal homeo-
stasis. In particular, tracking metal regulation in the early
stages of smoke exposure and COPD development will pro-
vide crucial insights into initiating factors and windows for
targeted intervention.

Iron and COPD

Iron, a vital element involved in oxygen sensing, energy pro-
duction, and DNA synthesis, also possesses redox reactivity
that allows it to participate in the generation of reactive oxy-
gen species (ROS) through Fenton chemistry [44,45]. This
dual nature of iron, while essential, necessitates tight regula-
tion of iron homeostasis to prevent oxidative stress-induced
tissue damage [46,47].

In the lungs, the majority of iron is bound to hemoglobin
within erythrocytes [48]. Alveolar macrophages play a cru-
cial role in recycling iron from aged erythrocytes through
heme oxygenase-1 induction and other pathways [49,50].
These macrophages express ferritin for iron storage and the
iron exporter ferroportin [49,51,52]. Under normal circum-
stances, iron is sequestered within proteins, resulting in neg-
ligible free iron levels [53]. However, disruption of these
finely-tuned regulatory mechanisms in COPD leads to
impaired iron excretion and accumulation of iron within the
airspaces, driving oxidative stress and inflammation [54,55].

Notably, the levels of redox-active iron in the lungs of
COPD patients are increased in proportion to disease sever-
ity [56,57]. This enhanced iron accumulation is associated
with reduced activity of iron regulatory proteins (IRPs),
which normally repress uptake mechanisms such as divalent
metal transporter 1 (DMT1) [58]. Combined with increased
hemolysis caused by cigarette smoke exposure [59], this
altered environment facilitates pathological iron loading
within the pulmonary airspaces.

The excess iron in COPD pathogenesis exacerbates oxida-
tive stress and inflammation through several key mecha-
nisms. Redox cycling of ferrous iron with oxygen species
catalyzes the formation of highly reactive hydroxyl radicals
(OHe) through Fenton chemistry [60] (Figure 2). Hydroxyl
radicals, due to their diffusion-limited reactivity, inflict
oxidative damage upon proteins, lipids, carbohydrates, and
DNA [61]. This oxidative stress is strongly correlated
with lung iron content, as evidenced by markers such as
8-isoprostane [62].

Iron also amplifies cytokine-mediated inflammation.
Increased iron uptake leads to elevated production of inflam-
matory mediators such as tumor necrosis factor (TNF)-a in

COPD: JOURNAL OF CHRONIC OBSTRUCTIVE PULMONARY DISEASE . 3

Figure 2. Fenton reaction.

macrophages [63,64]. This effect is mediated by iron-induced
stabilization of hypoxia-inducible factor (HIF)-la and activa-
tion of nuclear factor kappa B (NF-kB), both of which are
master transcriptional regulators of inflammatory mediators
[65-67]. HIF-1a further stimulates vascular remodeling, which
has been implicated in the development of pulmonary hyper-
tension in COPD [68]. Furthermore, Iron can activate immune
cells, including neutrophils, contributing to a self-propagating
pro-inflammatory cycle that likely underlies the correlation
between lung iron burden and COPD severity [69,70].

In light of these inherent properties, the strategic modu-
lation of iron homeostasis emerges as an enticing avenue in
the battle against COPD pathogenesis. Findings from animal
models subjected to chronic cigarette smoke exposure under-
score the potential benefits of iron chelation, most notably
in attenuating oxidative stress, dampening inflammatory
responses, mitigating mucus hypersecretion, and ameliorat-
ing emphysematous changes [58]. Compellingly, preclinical
studies have elucidated the protective attributes of the natu-
ral siderophore deferiprone in the context of COPD patho-
genesis [58,71]. However, the application of iron chelation in
clinical settings for COPD management remains compara-
tively understudied and unexplored.

The prospective surveillance of iron levels within exhaled
breath condensate, sputum or bronchoalveolar lavage (BAL)
fluid over time holds promise as a valuable tool for risk
assessment and disease progression prediction [55,57,72,73].
Of particular significance is the potential for noninvasive
tracking of iron flux within the pulmonary airspaces,
attainable through measurements in induced sputum. These
advances offer intriguing prospects for gaining critical
insights into the dynamic interplay of iron dysregulation in
COPD. Despite these encouraging strides, it is prudent to
acknowledge that further translational research efforts are
indispensable to fully harness the disease-modifying poten-
tial within the intricacies of iron dysregulation in COPD.

Copper and COPD

Copper, an essential micronutrient and transition metal,
plays critical roles in various enzymes, including cyto-
chrome ¢ oxidase, superoxide dismutase (SOD), and ceru-
loplasmin [74]. Copper is also an essential cofactor for
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lysyl oxidase, which crosslinks elastin and collagen fibers in
the extracellular matrix of the lung parenchyma [75].
Nevertheless, an excess of copper can lead to tissue injury
[76]. Notably, patients with COPD exhibit elevated levels of
copper in serum and sputum compared to healthy individ-
uals [24,77-80]. This pathological increase in copper likely
drives the progression of COPD by exerting overlapping
effects on inflammation and oxidative stress. In terms of
inflammation, copper directly stimulates the production of
interleukin (IL)-6 and IL-8 by bronchial epithelial cells in
a dose-dependent manner [81]. Furthermore, copper ampli-
fies the activation of NF-«B, a central pro-inflammatory
transcription factor that regulates various cytokines, chemo-
kines, and adhesion molecules [82]. Moreover, copper sig-
nificantly exacerbates oxidative stress by acting as a catalyst
for reactive oxygen species (ROS) production through
Fenton-like chemistry, mirroring the role iron plays in the
process [83]. This elevation in oxidative stress can cause
damage with proteins, lipids, and DNA, eventually trigger-
ing a cascade of events leading to airway inflammation and
structural modifications in extracellular matrix compo-
nents [84].

However, an intriguing dichotomy emerges when the ani-
mal model of COPD is examined, revealing that dietary
copper depletion leads to emphysema [85]. This enigmatic
observation indicates that optimal copper levels are required
to maintain lung structure and function. The emphysema
resulting from copper deficiency may stem from impaired
activity of lysyl oxidase, a copper-dependent enzyme that
crosslinks elastin and collagen fibers [75]. Copper deficiency
could also trigger alveolar cell death by anoikis through
downregulation of hypoxia-inducible factor-la (HIF-1a) and
focal adhesion kinase (FAK) [85]. Hence, it becomes evident
that both excessive and deficient copper levels harbor the
potential to contribute to COPD pathology, albeit through
distinct mechanisms. More research is needed to fully
elucidate the complex relationship between systemic copper
status, tissue-specific copper levels, and emphysema
development.

Taken together, these intricate facets of copper’s influence
offer a compelling rationale for copper-targeted therapies in
COPD. Similar to iron, monitoring copper fluxes across dif-
ferent lung compartments could emerge as a valuable tool in
evaluating disease status and response to therapeutic inter-
ventions. Overall, the present body of evidence underscores
the disrupted equilibrium of copper homeostasis as a pivotal
factor in COPD progression.

Zinc and COPD

Zinc emerges as a distinctive player in COPD pathogenesis,
standing in stark contrast to iron and copper. The presence
of adequate zinc levels appears to be beneficial in counter-
ing inflammation and oxidative stress. Zinc possesses anti-
oxidant and anti-inflammatory properties when maintained
at sufficient levels [31]. However, zinc deficiency is observed
in bronchoalveolar lavage (BAL) fluid and serum of COPD

patients, and its severity worsens as the disease progresses
[80,86].

Zinc reaches the lungs through dietary uptake and circu-
lating zinc-protein complexes like a2-macroglobulin, which
can enter the airspaces [87,88]. Zinc serves as a necessary
cofactor for over 300 enzymes and 2,000 transcription fac-
tors [89]. It plays both structural and catalytic roles in anti-
oxidant metalloproteins like Cu/Zn superoxide dismutase
(SOD) [90]. In COPD airspaces, zinc deficiency impairs
defenses against oxidative stress through several mechanisms.
Firstly, reduced zinc levels decrease the activity of SOD, hin-
dering dismutation of superoxide into oxygen and hydrogen
peroxide [91]. Diminished SOD activity can directly contrib-
ute to unchecked oxidation in COPD lungs. Another
impacted zinc-dependent oxidoreductase is glutathione per-
oxidase, responsible for degrading H,0O, and lipid peroxides.
Zinc deficiency impairs this enzyme as well, contributing to
oxidative damage [92].

Zinc deficiency is also a critical factor exacerbating the
inflammatory processes observed in COPD. Zinc inhibits
NF-xB activity by preventing IKKp-mediated phosphoryla-
tion and subsequent degradation of IxBa. This mechanism
limits NF-kB nuclear translocation and DNA binding [93],
thereby curtailing the downstream production of pro-
inflammatory cytokines, including TNF-a and IL-1p [94].
Furthermore, zinc plays an instrumental role in enhancing
the expression of A20, a zinc finger protein recognized for
its anti-inflammatory properties, through epigenetic modifi-
cations at the A20 promoter [95]. In the absence of this reg-
ulatory effect, the pro-inflammatory mediators that
orchestrate the COPD inflammatory cascade will become
highly upregulated. Zinc also regulates the activity of
immune cells, most notably neutrophils. By suppressing the
enzymatic activity of peptidylarginine deiminases (PADs),
zinc effectively limits the citrullination of histone H3 *°. This
inhibition of histone H3 citrullination is a crucial step in
mitigating the formation and release of neutrophil extracel-
lular traps (NETs), which are integral to inflammatory
responses [97]. Conversely, low zinc levels lead to an ele-
vated release of NETs and intensified neutrophil degranula-
tion [96]. Taken together, zinc acts as a brake on
inflammation, and its deficiency paves the way for the
unbridled acceleration of COPD progression.

As such, zinc supplementation holds promise as an inter-
vention to counteract COPD pathogenesis. In patients, zinc
supplementation has been shown to increase SOD activity,
elevate glutathione levels, and reduce inflammatory markers
like C-reactive protein (CRP) [89,98]. However, the effects
zinc on lung function of COPD patients are varied, poten-
tially due to heterogeneity in patient zinc status, dosing reg-
imens, or study durations [99]. Further investigation is
needed to identify zinc deficient patients and optimize the
dosing regimen. One approach to stratify patients is the
measurement of the exchangeable zinc pool through oral
zinc tolerance testing [100]. Overall, zinc represents a crucial
micronutrient deficiency in COPD pathogenesis, and tar-
geted repletion could offer therapeutic antioxidant and
anti-inflammatory benefits.



The impact of metal dyshomeostasis on metabolic
reprogramming in COPD

Alterations in metal homeostasis in COPD extends beyond
its conventional association with oxidative stress and inflam-
mation. Notably, this dysregulation is also implicated in
instigating metabolic shifts, which are increasingly recog-
nized as hallmarks of COPD pathogenesis [101,102].

The dysregulation of iron homeostasis, as observed in
COPD, initiates a cascade of events that modulate key met-
abolic pathways, particularly those governing glycolysis. Iron
upregulates the expression of glucose transporter 1 (GLUT1),
prompting a metabolic shift toward glycolysis [103]. This
phenomenon, known as the Warburg effect, is characterized
by an increased reliance on glycolysis for energy production,
even in the presence of oxygen [104]. This metabolic adap-
tation not only fuels the energy demands of activated
immune cells but also contributes to the inflammatory
milieu in COPD [105,106]. The metabolites that accumulate
in glycolytic conditions further amplify inflammatory pro-
cesses [107].

Disturbances in copper homeostasis also emerge as signif-
icant contributors to the metabolic alterations associated
with COPD. As a key component of complex IV of the elec-
tron transport chain, copper availability regulates the delicate
balance between glycolysis and oxidative phosphorylation
(OXPHOS) [108]. Copper deficiency impairs complex IV
activity and mitochondrial respiration, driving a compensa-
tory increase in glycolytic metabolism to meet cellular
energy demands. This results in lactate accumulation and
altered redox status, further amplifying inflammatory signal-
ing [74,109,110]. Conversely, copper overload enhances com-
plex IV activity and mitochondrial function, steering cellular
metabolism toward OXPHOS [111]. Furthermore, an excess
of copper contributes to lipid oxidation, which negatively
impacts membrane integrity and function.

Zinc deficiency in COPD not only compromises antioxi-
dant defenses but also disrupts metabolic homeostasis.
Reduced zinc levels diminish the activity of vital metabolic
enzymes, most notably carbonic anhydrase [112]. This ubiq-
uitous zinc metalloenzyme catalyzes the interconversion of
carbon dioxide (CO,) and carbonic acid (H,CO,), impacting
a vast array of physiological functions such as electrolyte
secretion, gluconeogenesis, lipogenesis, and ureagenesis
[113,114]. Moreover, zinc dyshomeostasis distorts lipid
metabolism primarily through its effects on peroxisome
proliferator-activated receptors (PPARs), which rely on
zinc-finger structures to function properly [115,116].

Overall, the disruption of metal homeostasis in COPD
alters cellular metabolism. Restoring metal equilibrium may
therefore confer metabolic benefits in COPD alongside anti-
oxidant and anti-inflammatory effects.

Potential implications of metal-associated redox
changes in autoantibody production in COPD

A critical aspect of metal-driven oxidative stress that war-
rants consideration is the potential alteration of self-antigens
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and a resultant breach in immunological self-tolerance. It
has been demonstrated that oxidative changes to proteins
can greatly enhance their immunogenicity, enabling a mod-
ified antigen to elicit a more robust immune response
[117]. In COPD, it is plausible that an imbalance of
redox-active metals may create an environment conducive
to the oxidative modification of self-proteins in the lungs.
These neoantigens could stimulate autoantibody production
and lead to loss of self-tolerance, contributing to the auto-
immune components of COPD pathogenesis. Intriguingly,
COPD patients exhibit elevated levels of autoantibodies
[118,119], lending clinical support to this theory. This may
represent an additional pathway through which metal
dyshomeostasis and the resulting oxidative stress may fuel
autoantibody production in COPD, thereby perpetuating
inflammatory cascades. Further exploration of the interplay
between metal-driven oxidative modifications, breakdown
of self-tolerance, and autoimmunity will provide valuable
insights into the multifaceted immunological repercussions
of metal imbalance. Unraveling these connections rep-
resents an important frontier in understanding the intricate
role metals play in orchestrating immune dysregulation in
COPD pathogenesis.

The impact of metal dyshomeostasis on infections
in COPD

Infections represent major drivers of acute exacerbations and
disease progression in COPD [120-122]. Both viral and bac-
terial pathogens, especially nontypeable Haemophilus influ-
enzae, Moraxella catarrhalis, and Streptococcus pneumoniae,
are frequently isolated during exacerbation episodes [123].
Intriguingly, accumulating evidence indicates that the patho-
genesis of these infections is closely intertwined with the
host’s metal status, with iron, copper, and zinc emerging as
key players.

Iron serves as a key micronutrient for respiratory patho-
gens [124]. It facilitates the growth and virulence of patho-
gens by acting as a crucial cofactor in metabolic processes
and oxygen utilization [125]. Therapeutic iron chelation
restricts bacterial growth in vitro, while iron supplementa-
tion exhibits opposite effects [126,127], supporting the
notion that iron availability directly impacts susceptibility to
infection in COPD. Furthermore, intracellular iron accumu-
lation in macrophages impairs their antimicrobial functions
by inhibiting lysosomal acidification [128]. This may result
in reduced bacterial clearance and increased vulnerability to
respiratory infections.

The role of copper in microbial infections in COPD is a
multifaceted phenomenon with intricate implications. The
extensive presence of genes encoding copper-dependent pro-
teins in diverse bacterial genomes serves as a compelling
indicator of the vital role copper plays in microbial growth
[129,130]. Nonetheless, the dichotomy of copper emerges as
it exhibits antimicrobial properties when harnessed by the
host, acting as a formidable weapon to limit pathogen
growth [131,132]. Copper deficiency in animals has been
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shown to impair critical immune functions, including anti-
body production and respiratory burst in neutrophils and
macrophages [133-136]. The susceptibility of individuals
with Menkes disease, a lethal copper deficiency disorder, to
microbial infections further emphasizes copper’s critical role
in host defense [137]. Conversely, pathogenic bacteria have
evolved sophisticated strategies to withstand the toxic effects
of elevated copper levels. Notably, bacteria like Haemophilus
influenzae demonstrate elaborate copper-responsive systems
to navigate the delicate balance between mitigating toxicity
and ensuring a sufficient supply for vital cuproproteins
[138]. This adaptation empowers such microbes to thrive in
the copper-rich inflammatory niche characteristic of COPD
airways, shedding light on the interplay between copper,
microbial pathogenesis, and host defense mechanisms in
respiratory infections.

Zinc deficiency is linked to enhanced vulnerability to
infections caused by Streptococcus pneumoniae [139]. This
elevated risk is likely due to zinc’s direct antimicrobial prop-
erties against pathogens [140]. Research in murine models
has shown that dietary zinc levels markedly affect the pro-
gression and outcome of Streptococcus pneumoniae infec-
tions. A reduction in dietary zinc intake results in diminished
phagocyte zinc stores, leading to a compromised capacity for
Streptococcus pneumoniae elimination due to hindered zinc-
dependent antimicrobial mechanisms [139]. Furthermore,
zinc is vital for maintaining the structural integrity of the
respiratory epithelium, a natural barrier against infectious
agents [141,142]. Zinc deficiency in alveolar macrophages
and lung epithelia contributes to respiratory distress syn-
drome by weakening lung barrier defenses [87,143,144].
This, in turn, renders individuals, especially those with
COPD, more prone to bacterial invasion. Zinc supplementa-
tion has been observed to mitigate infection risks [145], sug-
gesting its potential as a therapeutic adjunct in managing
infection susceptibility among COPD patients. Therefore,
ensuring adequate zinc intake may represent a viable strat-
egy to bolster host defenses against respiratory pathogens,
particularly in populations at increased risk due to underly-
ing pulmonary conditions.

Overall, the complex interplay between biometals and
respiratory pathogens represents an emerging area of inter-
est. A deeper mechanistic understanding of how biometal
dyshomeostasis influences infections in COPD would open
new therapeutic avenues, such as selective metal chelation or
repletion to restrict pathogen growth while minimizing
inflammation.

The intricate interplay of metal ions

A significant revelation in the field of biological trace ele-
ment research is the intricate relationships that bind iron,
copper, and zinc. Instead of operating in solitary isolation,
these essential metals emerge as interwoven threads within a
complex network of pathways [146-148]. This discovery not
only underscores the depth of their connectivity but also
illuminates the interplay that exists between metal homeo-
stasis and COPD progression.

A notable illustration of this intricate interdependence
can be found in the multifaceted actions of the versatile
multicopper oxidase ceruloplasmin. This ‘moonlighting’ pro-
tein, beyond its primary role in copper transportation within
the bloodstream, extends its influence into the realm of iron
homeostasis [149-151].

Ceruloplasmin’s copper-laden molecular structure empow-
ers it to catalyze crucial oxidation reactions [152]. A key
biochemical process it facilitates is the oxidation of ferrous
iron to ferric iron, an essential reaction for iron mobiliza-
tion. Once exported from cells via ferroportin, ferrous iron
undergoes oxidation by ceruloplasmin, enabling its binding
to transferrin for effective transport [153-155]. Thus, the
ceruloplasmin-ferroportin system constitutes the primary
mechanism for cellular iron efflux and plays a pivotal role
in the regulation of cellular iron homeostasis [156].
Consequently, disruptions in ceruloplasmin function can
profoundly impact iron metabolism. Meanwhile, zinc emerges
as a pivotal player in modulating the equilibrium of both
iron and copper. Notably, zinc triggers the uptake of iron
and its transcellular transport through the induction of
DMT1 and ferroportin [157]. Furthermore, zinc exerts
inhibitory effects on copper uptake mediated by copper
transporter 1 (CTRI1) [158]. The profound interconnected-
ness among these essential metal ions underscores the neces-
sity of addressing COPD-associated metal dyshomeostasis as
a collective entity, rather than as isolated anomalies.

Monitoring and measuring metal fluxes in COPD

The advancement and implementation of metal-targeted
therapies in clinical settings would greatly benefit from tech-
niques that allow for the longitudinal measurement of metal
levels in both the airspaces and systemic circulation of
COPD patients. Such capabilities would help elucidate the
mechanistic links between systemic metal homeostasis and
the dynamic metal fluxes within the airspaces. While sys-
temic metal dyshomeostasis can impact pulmonary metal
levels through circulating metal-protein complexes, the lung
possesses intricate regulatory mechanisms that maintain
metal equilibrium locally [159,160]. Disentangling the cross-
talk between systemic and pulmonary metal handling holds
the key to unlocking the mysteries of metal dyshomeostasis
in COPD progression. Developing techniques to longitudi-
nally track both systemic and airspace metal fluxes in
patients represents a vital step toward this goal.

One such technique is the use of inductively coupled
plasma mass spectrometry (ICP-MS) to analyze bronchoalve-
olar lavage (BAL) fluid, sputum, and lung tissue, providing
quantitative assessments of total metal concentrations,
including iron, copper, and zinc [25,161]. Another tech-
nique, X-ray fluorescence microscopy, allows for the quanti-
fication and spatial mapping of metals within lung
tissues [162].

While these approaches provide valuable snapshots
of metal distribution, they lack the ability to provide dynamic
longitudinal information. Recently, emerging in vivo
imaging methods such as laser ablation-ICP-MS and X-ray



Figure 3. The roles of metal dyshomeostasis in COPD progression.

fluorescence tomography have shown promise in enabling
three-dimensional spatial mapping of metal pools, albeit pri-
marily in preclinical models [163-165]. Additionally, posi-
tron emission tomography utilizing radio-labeled tracers like
64-copper (**Cu) has shown potential in measuring labile
copper pools, thus paving the way for translational pros-
pects [166].

The development of minimally-invasive biomarkers that
correlate with alterations in lung metal pools would also
allow for longitudinal monitoring. For instance, the level of
serum ceruloplasmin has been found to modestly reflect sol-
uble copper content [167]. Furthermore, zinc availability can
be assessed through oral zinc tolerance testing [100]. Yet,
amidst these findings, a pressing need lingers for robust bio-
markers that can specifically indicate metal dyshomeostasis
within the pulmonary airspaces. The identification of such
biomarkers, along with the development of platforms that
enable noninvasive tracking of lung metal content, remains
a crucial future objective in order to facilitate responsive
therapies.

Moreover, despite the well-established circadian fluctua-
tions in plasma metals in healthy individuals [168,169],
these dynamic patterns remain unexplored in patients with
COPD. To bridge this knowledge gap, dedicated longitudinal
studies are recommended to track blood metal levels in
COPD patients over time under standardized conditions.
Frequent serial sampling coupled with circadian mapping
would illuminate patterns and help discern the stability ver-
sus variability of these potential biomarkers. Elucidating the
intricacies of trace metal homeostasis and its perturbations
in COPD will provide key insights into disease pathogenesis
and progression. In addition, quantifying the magnitude and
time scale of fluctuations in blood metal levels may unveil
new prognostic biomarkers and help inform the design of
future metal-modifying interventions.

COPD: JOURNAL OF CHRONIC OBSTRUCTIVE PULMONARY DISEASE . 7

Conclusion

In conclusion, the extensive body of evidence now unequiv-
ocally demonstrates that imbalances in transition metal ions
play a fundamental role in driving the characteristic inflam-
mation, oxidative stress, and lung damage observed in COPD
progression (Figure 3). Our understanding has evolved from
mere associative observations to a refined mechanistic com-
prehension of the intricate interplay between iron, copper
and zinc. This knowledge underscores the restoration of
metal homeostasis as a promising yet underutilized thera-
peutic opportunity. By improving clinical biomarkers that
monitor metal fluxes and conducting well-designed trials
focusing on chelators, supplements, and combination thera-
pies, we can ultimately determine the optimal role of
metal-targeted approaches within the COPD treatment arse-
nal. Although much work lies ahead, further exploration of
this underexplored field holds tremendous potential for
attenuating the relentless cycle that underlies this significant
cause of global morbidity and mortality.
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