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Oxidative stress driven by several environmental and local airway factors associated with chronic obstructive
bronchiolitis, a hallmark feature of chronic obstructive pulmonary disease (COPD), plays a crucial role in the
disease pathomechanisms. Unbalance between oxidants and antioxidant defense mechanisms amplifies the local
inflammatory processes, has systemic effects, contributes to developing COPD-related comorbidities, and
worsens cardiovascular health. COPD often coexists with cardiovascular diseases (CVDs). CVDs are not only the

most common comorbidities perceived in COP, but also account for an increased risk of death in COPD patients.
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| 1. Introduction

Chronic obstructive pulmonary disease (COPD) and cardiovascular diseases (CVDs) share common
pathophysiological mechanisms that involve systemic inflammation, endothelial dysfunction, vascular inflammation
and remodeling, alteration in heart rate variability, and clotting abnormalities [Xl. These underlying mechanisms (at
least in part) participate in the development of pulmonary arterial hypertension (PAH), hypertension, accelerated
atherosclerosis and its consequences, such as stroke, ischemic heart disease and, in the long run, cardiac failure
(Figure 1).
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Figure 1. The role of oxidative stress in the etiology of COPD and cardiovascular comorbidities. The oxidative
balance of the body is disturbed by risk factors resulting in inflammation, increased oxidative burden and
production of reactive oxygen radicals, and reduction in antioxidant defense mechanisms. The consequential
oxidative stress stimulates processes that lead to COPD and cardiovascular disorders. Abbreviations: ROS—
reactive oxygen species; IL—interleukin; TNF—tumor necrosis factor; SOD—superoxide dismutase; Nrf2—nuclear
factor erythroid 2-related factor 2; FOXO1, FOXO3—forkhead box O1 and O3; COPD—chronic obstructive

pulmonary disease; ox-LDL—oxidized low-density lipoprotein; PAH—pulmonary arterial hypertension.

2. Chronic Obstructive Pulmonary Diseaseand Vascular
Aging, Hypertension

Though widely debated, many experts view the development of COPD as a manifestation of accelerated aging (21,
Indeed, a strong association between vascular aging and COPD is well-established in the literature. COPD
manifests as small airway obstruction (chronic obstructive bronchiolitis) and emphysema. Pathologically, chronic
inflammation and fibrosis of peripheral airways, increased mucus secretion, luminal accumulation, and destruction
of lung parenchyma and alveoli are typical alterations. These overlapping phenotypes may manifest with varying
severity and might dominate the clinical picture of individual patients 2E The aging vasculature is characterized
by fibrotic remodeling and thickening of the arterial wall, intima-media hyperplasia, and endothelial dysfunction (415]
Bl The aging arteries stiffen, and the consequential alteration in their biomechanical properties is a critical factor

in developing hypertension, one of the significant CV comorbidities in COPD Bl Early vascular aging is best
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detected by measuring pulse wave velocity (PWV), as pulse propagation is typically faster in stiffer, aged arteries.
Numerous studies have found that PWV is abnormally high in COPD patients 210, Arterial stiffness, as measured
by PWV, was independently associated with the severity of emphysema 11 and airway obstruction [LO12I[13][14][15]
Furthermore, it was established by studying twins that the link between lung function and arterial stiffness is not
genetically determined. However, there is a phenotypic association between spirometric parameters used to
assess airway obstruction, such as forced vital capacity (FVC) and forced expiratory volume in 1 s (FEV,), and
augmentation index, a marker of pulse wave reflection pointing towards shared pathways of their co-development
in COPD 28], The observations that arterial stiffness seems more severe in frequently exacerbating COPD patients
and to intensify acutely during exacerbation suggest a dynamic, reversible component of this relationship that is not
fully characterized 4. COPD rehabilitation programs have been shown to benefit arterial stiffness in a
subpopulation of patients significantly but not in general [28. This observation is similar to those demonstrating that
lung function values or even regulatory molecules known as part of antioxidant defense cannot be improved much
by these programs despite their well-documented positive effects on the overall health status of involved patients
(291 1t is also worth mentioning that COPD often associates with obstructive sleep apnea (OSA) 29, OSA is widely
recognized as a significant risk factor for developing arterial hypertension and its complications 1. Among the
underlying mechanisms, the contribution of hypoxic periods during sleep in OSA to oxidative stress has the utmost

relevance 22,

Among the common underlying mechanisms of vascular aging and COPD, persistent systemic low-grade
inflammation, oxidative stress (i.e., overproduction of reactive oxygen species and decreased antioxidant capacity)

and deterioration of anti-aging mechanisms have critical relevance.

2.1. Oxidative Stress in Chronic Obstructive Pulmonary Disease and Vascular
Aging

Enhanced oxidative stress plays a significant role in COPD and vascular aging pathogenesis. It is attributable to
various pathophysiological mechanisms involving mitochondrial senescence, NADPH oxidase (NOX)

overactivation, endothelial dysfunction, overactivation of the tissue renin-angiotensin-aldosterone system (RAAS),
and also to COPD-related hypoxia “EIEI78]23][24](25]

The sources of oxidative stress are manifold in both conditions. Cigarette smoke exposure, a significant risk factor
in COPD and vascular aging, is a direct source of inhaled oxidants and irritants that generate inflammation. In
COPD, dysfunctional mitochondria of structural cells (airway epithelium, fibroblasts), NADPH oxidases (NOX) of
airway epithelial cells, and myeloperoxidase enzymes of neutrophils and macrophages produce a substantial
amount of reactive oxygen species 22324126 An jncreased ROS production by mitochondria and NOX enzymes
is also typical in the aging vasculature BI27. |nflammatory cytokines, adipokines, activation of endothelinl and
angiotensinl receptors, and dysfunctional NO synthase operation further aggravate oxidative stress by activating
NOX enzymes both in the vasculature and the lung [EI[8124](261[28][29](30]
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Oxidative stress is further amplified by the decreased antioxidant capacity of the lung and vascular tissue MEIZI30
(81321 Reduced superoxide dismutase (SOD) activity has been observed in relation to vascular aging [EIBJ(E3],
Though acute exacerbations in COPD are associated with increased extracellular SOD activity 24! altered SOD
function due to SOD2 and SOD3 gene polymorphism has been implicated in the etiology of COPD B38| ower
antioxidant capacity is also reflected by lower circulating and cellular glutathione concentrations in COPD and
during vascular aging #E7. However, glutathione concentrations measured in BAL fluid and sputum are elevated in
COPD [28l, |n addition, the transcription factor Nrf2 is downregulated and exhibits impaired activation in response to
oxidative stress [489401 This results in decreased expression of several antioxidant enzymes in the lung and
vascular tissue [281141142]143] and ROS production by NOX in the vasculature 2, Catalase activity is reduced in

COPD patients 24143l and a decreased expression was found in the bronchial epithelium €.

In contrast, during acute exacerbation, enhanced catalase activity can be observed in the sputum 4. Decreased
catalase activity has been linked to several age-related diseases, including cardiovascular disorders 1.
Concerning GPx activity, a decrease was observed in erythrocytes 2414811491501 and blood and plasma samples 211
(52I53] of COPD sufferers. Aging and vascular abnormalities have also been related to depressed GPx functioning
by several studies 24551561 Nitrative stress is also well-documented in COPD and is further aggravated during
exacerbations 27, Defected heme-oxygenase-1 (HO-1) signaling also contributes to decreased antioxidant and
anti-inflammatory defense in lung and cardiovascular diseases. HO-1 is an inducible stress protein implicated in
chronic airway inflammation 28, The major activity of HO-1 is to eliminate the high oxidant-free heme by converting

it to biliverdin, ferrous iron and carbon monoxide. Its expression is strongly influenced by Nrf2 (28],

2.2. The Consequences and Aggravators of Oxidative Stress

The consequences of oxidative stress include inflammation, disruption of anti-aging processes and endothelial
injury, which typically manifest in a systemic form in COPD. Though oxidative burden is a key factor in igniting
these processes, they also fuel and aggravate oxidative stress by activating signaling pathways that induce ROS

production and/or downregulate antioxidant defense mechanisms.

Systemic inflammation. Oxidative stress induces redox-sensitive proinflammatory signaling in various cell types.
Increased generation of ROS species is associated with the activation of proinflammatory transcription factors and
proteins such as NF-kB, activator protein 1, transforming growth factor-p (TGF-p), different isoforms of matrix
metalloproteinases, p38MAPK both in the lung and vascular tissue. Activation of these pathways results in the
upregulation and release of inflammatory cytokines (i.e., TGF-B, TNF-a, IL-1, IL-6), chemokines and adhesion
molecules that perpetuate inflammation locally and systemically [2IBIBI24127]128]29][30)[43](59] | gzddition, local
inflammation triggers maladaptive remodeling. Activation of MMPs breaks down elastic fibers, and profibrotic
processes (activation of local RAAS and fibroblasts) operate to give rise to small airway fibrosis and emphysema in

the lung, and intima-media thickening and calcification in the arterial wall [ZI4IEIEIR][25][60]

Endothelial abnormalities. Endothelial injury and dysfunction are also obligate consequences of long-term

oxidative stress in the lung and vasculature and common features of COPD and arterial aging 2. The normal
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endothelium releases. NO, is a gaseous signaling molecule which has beneficial effects on systemic and
pulmonary vasculature. It decreases vascular tone, has an antiproliferative impact on smooth muscle cells, and
inhibits platelet aggregation and the release of inflammatory mediators. In oxidative stress, superoxide species
react with NO to form peroxynitrite, a short-lived, highly potent oxidant that induces cell injury and mediates
proinflammatory processes [61l. |n addition, in oxidative stress, tetrahydrobiopterin, a cofactor of NO synthase
(NOS), gets oxidized leading to NOS uncoupling. The uncoupled NOS produces superoxide instead of NO, further

exacerbating oxidative stress. As a result, the bioavailability of NO decreases and its beneficial effects deteriorate
[62](63]

Furthermore, NOS activity is reduced due to the accumulation of its endogenous inhibitor, asymmetric
dimethylarginine (ADMA) 64l Elevated plasma ADMA levels have been associated with endothelial dysfunctions
and cardiovascular diseases, including ischemic stroke, pulmonary hypertension, and heart failure 83, In addition,
the bioavailability of NO is further aggravated by the upregulation of arginase, the enzyme that cleaves I-arginine,
the precursor of NO 68l Elevation of arginase activity reduces the availability of I-arginine to NOS, which can
reduce NO formation, uncouple NOS, and increase peroxynitrite production contributing to airway hypercontractility
and vascular remodeling 46768l Moreover, NOS expression and activity are directly reduced by cigarette
smoke exposure, oxidative stress, and inflammatory processes B3I7O71] Besides uncoupled eNOS, activation of
xanthine oxidase and NADH/NADPH oxidase pathways by ROS and RNS contained in cigarette smoke and

generated by inflammatory cells makes endothelial cells an important source of further ROS production 6],

Oxidative stress contributes to endothelial dysfunction also by inducing increases in lipid peroxidation 2728l and
AGE-RAGE activation 4. In addition, decreased antioxidant capacity in the lung tissue (Nrf2 downregulation in
epithelial cells [3I78)) the direct toxic effect of cigarette smoke exposure (by stimulating endothelial cell apoptosis)
7781 and endothelial cell senescence induced by oxidative stress and smoking also may play a role in the
pathogenesis of endothelial dysfunction 2.

As a result of endothelial derangement, proliferative and fibrotic processes dominate vascular homeostasis and
vascular contractility increases. Endothelial injury has been reported to affect the etiology of various COPD-related
vascular disorders, such as pulmonary arterial hypertension, hypertension, renal dysfunction, and venous
thromboembolism B3] The damaged endothelium is a critical factor in developing CVD complications and
promotes the progression of emphysema. Several human and animal model studies provided evidence for a link
between endothelial damage and emphysema B8 Moreover, a model study with rats showed that treatment
with vascular endothelial growth factor (VEGF—a trophic factor promoting endothelial cell survival) inhibitors
initiated emphysema development without inflammation 2. However, stimulators of soluble guanylate cyclase (a
target enzyme of NO in smooth muscle cells) in a rodent model exposed to cigarette smoke were beneficial for
pulmonary vascular remodeling and prevented emphysema progression [, Another potential link between
emphysema and endothelial dysfunction in COPD might be the aberrant purinergic signaling and elevated

pulmonary ATP levels with plausible interactions with ongoing oxidative stress [8283[84]
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Accelerated aging. Oxidative stress contributes to the development of COPD and related CV disorders by
weakening and disrupting certain anti-aging processes, such as sirtuin activity and balance of the Klotho protein—
fibroblast growth factor (FGF) 23 system, and also by aggravating processes that stimulate cellular senescence,
such as telomere shortening and adverse epigenetic modifications. Sirtuins (SIRTs) are enzymes of the silent
information regulator 2 (Sir2) class Ill deacetylase family. As their activity is regulated by NAD*, they are highly
redox-sensitive. They participate in biological processes, which include cellular response mechanisms against a
wide range of stressors. SIRTs modulate transcription, cell growth, oxidative stress-tolerance and metabolism and
thereby help to alleviate aging-related mitochondrial dysfunction, genomic instability, and inflammation [E2I[86],
Among the seven mammalian sirtuins, SIRT1 and SIRT6 have been implicated to have protective effects against
COPD. SIRT1 and SIRT6 are downregulated by cigarette smoke exposure and in the lungs of COPD patients 7
(881891 SIRT1 is known to deactivate redox-sensitive transcription factor NF-kB by deacetylating its RelA/p65
subunit 22, NF-kB stimulates the transcription of proinflammatory genes (e.g., IL-8, IL6, TNFa) B9, Therefore,
reduced levels of SIRT1 enhance the proinflammatory effects of oxidative stress and contribute to the
pathogenesis of COPD. Lower SIRT1 activity may participate in COPD development by promoting senescence in
different cell types of the lung tissue, as SIRT1 is also known to deacetylate p53 and negatively regulate the
forkhead box O3 (FOXO3) pathway that is involved in the transcription of genes responsible for cellular
senescence B2 SIRT6 has also been shown to have effects which may be protective against COPD by

antagonizing the senescence of human bronchial epithelial cells 231,

Impaired sirtuin activity also plays a crucial role in aging-associated vascular remodeling I8I7E4] SIRT1 is highly
expressed in endothelial cells, and it directly activates eNOS in the cytoplasm and increases eNOS expression. By
inhibiting p53, forkhead box O1 (FOXO1) 93l and plasminogen activator inhibitor-1 pathways [28 it protects
against endothelial senescence. Acting in vascular smooth muscle cells inhibits migration and proliferation, tunica
media remodeling, and protects against DNA damage, neointima formation and atherosclerosis 272829 SIRTE
inhibits proprotein convertase subtilisin/kexin type 9 (PCSK9) and insulin-like growth factor (IGF)-Akt signaling in

the vasculature, thereby reducing senescence and protecting against vascular aging 41241,

The FGF23—a Klotho (KL) system has emerged as an endocrine axis essential for maintaining phosphate
homeostasis. FGF23 is a bone-derived hormone, and its binding to its FGF receptor in the kidney and parathyroid
gland requires KL as an obligate co-receptor 199, KL is a transmembrane protein, but it also occurs in a soluble
form in the blood produced by either alternative splicing or proteolytic cleavage 1011021 K| has been attributed to
anti-inflammatory and anti-senescence effects [229. |n addition, the Klotho protein protects cells and tissues from
oxidative stress. The mechanisms include activating FOXO transcription factors and the NF-kB and Nrf2 pathways
[203][104][105] ' Transgenic mice are deficient in Klotho exhibit phosphate retention, accelerated aging, and lung
emphysema 1961 Therefore, it has been postulated that Klotho is protective against COPD development. Despite
this, studies investigating the association between KL and COPD are scarce in the literature, and the findings are
controversial. Gao et al. found that KL expression was decreased in the lungs of smokers and further reduced in
patients with COPD [103],
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Moreover, they found that KL depletion increased cell sensitivity to cigarette smoke-induced inflammation and
oxidative stress-induced cell damage in a mouse model. In the blood, a slightly lower KL level was measured by
Patel et al. in COPD patients (197 while Pako et al. detected decreased KL levels in OSA [198] However, other
studies found that plasma KL levels did not correlate with clinical parameters in stable COPD patients 199 and

their levels were not affected by pulmonary rehabilitation 19,

The FGF 23—KL axis has also been shown to be associated with cardiovascular health 119, Several studies have
found an inverse relationship between KL concentrations and the likelihood of having CVD L1112l Arking et al.
identified a KL gene variant (KL-VS) which conferred cardioprotective advantages on heterozygous subjects
concerning high-density lipoprotein cholesterol levels, systolic blood pressure, stroke, and longevity. Interestingly,
they found that homozygosity for KL-VS is disadvantageous compared to wild-type genetic background 213!, Using
mouse models, Hu et al. proved an association between KL levels and vascular calcification. They found that
overexpression was protective, whereas KL deficiency promoted calcium deposition in the vessel wall 1141 K|
deficiency was also found to participate in the development of salt-sensitive hypertension through vascular non-
canonical Wnt5a/RhoA activation 113, The significant cardioprotective effect of KL may be the suppression of
inflammation and oxidative stress in vascular smooth muscle (VSMC) and endothelial cells. KL inhibits phosphate
entry in VSMCs through the PiT1 carrier, which is known to stimulate the production of ROS. In addition, KL inhibits
sodium overload-induced ROS production in endothelial cells (1161,

Telomere shortening and epigenetic modifications of the DNA are hallmarks of aging, and both are accelerated by
oxidative stress L1718l QOxidative stress and inflammation influence the cell’s epigenetic machinery, from DNA
and histones to histone modifiers resulting in adverse modifications, such as hydroxylation of pyrimidines and
impaired DNA demethylation 1181 Enhanced tissue and leukocyte telomere shortening and various epigenetic

modifications be associated with the development of COPD and vascular remodeling [A2191[120](121]

Alfa-1 antitrypsin deficiency. Alfa-1 antitrypsin deficiency (A1ATD) is a hereditary disease that is the
consequence of the genetic mutations of the SERPINAL gene and predisposes homozygous and heterozygous
subjects to the development of emphysema and liver disease. Although it is considered a rare disease, several
authors have proposed that it might not be rare but severely underdiagnosed 22, The genetic disorder leads to
the accumulation of misfolded proteins in al-antitrypsin producing cells, mainly in hepatocytes and, to a lesser
extent, in lung epithelial cells. The main function of alfa-1 antitrypsin is to antagonize neutrophil elastase activity,
but it also operates as an acute phase protein with anti-inflammatory effects. In its absence, the degradation of
elastin fibers and extracellular tissue matrix in the lung overactivates upon activation of neutrophil cells and
promotes the development and progression of emphysema 1281241 |y addition, the additive effect of cigarette

smoke exposure multiplies the risk of emphysema.

The effect of ALATD on the cardiovascular system is also manifold but controversial. The degradation of elastic
elements in the vessel wall impairs its physiological distensibility. As a result, arterial compliance increases and the
Windkessel function gets compromised. A recent study of 91,353 subjects has shown that this decreases systolic

and diastolic blood pressure values 123, | osing elastic properties can also lead to aorta distension and aneurysms
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(126[127] | addition, the absence or lower level of alfa-1 antitrypsin is associated with inflammatory vascular

diseases such as fibromuscular dysplasia and ANCA-positive vasculitis [1281129]

Several studies in animal models and humans indicate that AA1TD is associated with enhanced oxidative stress

and decreased antioxidant defense even at early stages of disease progression [1301[131][132][133]

3. Chronic Obstructive Pulmonary Disease and Pulmonary
Arterial Hypertension (PAH)

Pulmonary arterial hypertension and consequential right heart failure are common cardiovascular complications in
COPD. The prevalence of PAH is 5% in moderate (GOLD stage 1), 27% in severe (GOLD stage IlIl), and 53% in
very severe (GOLD stage IV) COPD 134l As the diagnostic criterion for PAH is mean pulmonary arterial pressure
>25 mmHg at rest, these statistics reflect an advanced stage of pulmonary circulation abnormality. Several studies
on animal models as well as human studies, however, have shown that pulmonary vascular changes occur in mild
COP, or even before the development of lung emphysema [232l138I137] \oreover, right ventricular dysfunction and
remodeling have been observed in COPD patients without PAH [1381[139]

Vascular changes in COPD are characterized by remodeling the pulmonary vessels and endothelial dysfunction
(1401141] | addition, vascular derangement in emphysema may also contribute to the pathogenesis of PAH 149,
Pulmonary arterial remodeling affects mainly the intimal layer. Intimal hyperplasia develops due to the proliferation
of poorly differentiated smooth muscle cells and extracellular matrix deposition 1421431 |n addition, pulmonary
arterial stiffening increases right ventricular afterload and the pulsatile load on the pulmonary microcirculation 144,

The latter induces endothelial dysfunction and inflammation in the distal pulmonary vasculature 1441[145]

Pulmonary endothelial dysfunction is an early injury in PAH development and has similar mechanisms and
consequences as in systemic circulation (see above). It is characterized by reduced expression of eNOS,
diminished production of NO and prostacyclin, increased secretion of endothelin, and expression of TGF[

receptors. These alterations promote vasoconstriction and contribute to pulmonary vascular remodeling.

Several underlying factors have been identified that precipitate vascular changes in COPD-related PAH, such as
hypoxia, activation of sympathetic nerves, cigarette smoking, biomass smoke exposure, and epithelial cell injury
(249 Hypoxia is a well-established cause of pulmonary vascular remodeling and PAH. However, its role in COPD-
related PAH is debated, as vascular abnormalities are present even in patients with mild COPD and without
hypoxemia [249  Acting on smooth muscle cells, endothelial cells and fibroblasts, hypoxia can induce cell
proliferation by inhibiting antimitogenic and stimulating mitogenic stimuli and increasing the production of
inflammatory mediators. [2481 A key factor linking hypoxia to the activation of these pathways and oxidative stress is
the hypoxia-inducible factor 1 (HIF-1) 47 the serum level of which is elevated in COPD patients (14811149 COPD is
also associated with increased sympathetic tone and activation of the renin-angiotensin-aldosterone system. This
neurohormonal imbalance favors increased oxidative stress and activation of inflammatory and fibrogenic

responses, which lead to adverse remodeling in the heart and vasculature 159, Cigarette smoke and biomass
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smoke stimulate vascular remodeling by direct toxic effects on the endothelial cells by enhancing gene expression
and release of inflammatory cytokines locally and systemically [121152] downregulating eNOS 1231 and inducing
oxidative and nitrative stress [24l39l1401 | addition, injured bronchial epithelial cells in COPD are considered to

orchestrate many immune and inflammatory processes in COPD pathogenesis, also contributing to vascular
remodeling [124155],

4. Chronic Obstructive Pulmonary Disease and Accelerated
Atherosclerosis

Atherosclerosis is the leading cause of stroke, coronary heart disease and peripheral arterial disease, which are
responsible for a high percentage of mortality in COPD patients. COPD and atherosclerosis share several common
risk factors and underlying mechanisms, such as cigarette smoking, sedentary lifestyle, oxidative stress,
endothelial dysfunction, high blood pressure and adverse platelet activation L58Il1571 |n addition, several studies

indicate that the severity of COPD and airflow limitation correlate with the severity of atherosclerotic disease [128]
159

Indeed, several pathophysiological mechanisms observed in COPD participate in the progression of
atherosclerosis (189, The impaired endothelial function has relevance at the early stages of plaque formation, as
the inflammatory profile of the injured endothelium enhances the secretion of adhesion molecules, increases the
permeability of the endothelial barrier, and aids the recruitment of inflammatory immune cells to the lesion 261, |n
addition, systemic inflammation and increased oxidative stress can fuel plaque development by aggravating local

inflammatory processes in vulnerable sites of the arterial tree and promoting the oxidization of low-density
lipoprotein particles [169][162][163][164]

5. Chronic Obstructive Pulmonary Disease and Cardiac
Diseases

COPD often associates with various abnormalities of cardiac function that lead to heart failure (HF). The
prevalence of HF in COPD ranges from 7-42% [183] The effect of PAH on right ventricular function is well
documented. The increased afterload of the right heart initiates maladaptive remodeling processes, and right heart
failure develops (14111681 The early signs of right ventricular dysfunction begin to develop at the early stages of
PAH progression, even when pulmonary arterial pressures are in the normal range, but signs of pulmonary
vascular derangement are already present [138I1391167] cOPD exacerbations impose an additional load on the
heart due to hypoxic pulmonary vasoconstriction and hyperinflation of the lung (L8816 Maladaptive alteration in
the right heart also led to dilatation and electrical remodeling of the right atrium and ventricle, which increases the
risk of cardiac arrhythmias (8811701,

Abnormal lung function in COPD also affects the function of the left heart. Emphysema-related hyperinflation of the

lung and depressed right ventricular function impairs left ventricular filling and reduces cardiac output [L88I171],
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Hypoxemia observed in more severe COPD and during exacerbations can increase the risk of cardiac ischemia,
and due to altered repolarization, the risk of ventricular arrhythmias and sudden cardiac death [L88I170I172] |p
addition, cardiac ischemia exposes the heart to oxidative stress that causes derangements in cardiomyocyte
homeostasis, such as disturbed calcium handling and lipid signaling LZ3IL74II175]  Cardiac dysfunction further

aggravates tissue hypoxia that perpetuates systemic oxidative stress.

COPD-related systemic inflammation, oxidative stress and accelerated cardiovascular aging can directly act on the
ventricular muscle and activate signaling pathways leading to maladaptive remodeling and HF [288IL76] |n gddition,
arterial stiffness and hypertension developing in COPD increases left ventricular load and impairs ventriculo-arterial
coupling, which also contributes to the development of HF 77 Accelerated atherosclerosis and endothelial
dysfunction increase the occurrence of coronary heart disease (CHD), too. Indeed, approximately 15% of COPD
patients also suffer from concomitant CHD 17811791,
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