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Abstract
Chronic obstructive pulmonary disease (COPD) and cardiovascular disease (CVD) share a complex and multifactorial rela-
tionship characterized by overlapping risk factors, systemic inflammation, and intertwined pathophysiological mechanisms, 
with atherosclerosis emerging as a central inflammatory process connecting COPD and CVD, driven by systemic inflam-
mation, oxidative stress, and endothelial dysfunction. While systemic inflammation is recognized as a critical link between 
these conditions, the precise pathways through which inflammation arises remain under investigation. There is therefore a 
need for therapeutic strategies to mitigate cardiovascular risks in patients with COPD. Among the pathways contributing to 
this interplay, the phosphoinositide 3-kinase (PI3K) signaling pathway has gained significant attention. Dysregulated PI3K 
signaling contributes to inflammation, oxidative stress, and endothelial dysfunction, which are key drivers of both COPD 
and CVD. Consequently, PI3K inhibitors have emerged as a promising therapeutic approach to mitigate inflammation and 
oxidative damage, offering a targeted strategy to address the shared pathological mechanisms underlying these diseases. 
A comprehensive understanding of the role of PI3K signaling and its inhibitors could facilitate the development of novel 
interventions to reduce cardiovascular risk in patients with COPD.
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Key Points 

Atherosclerosis plays a pivotal role in the intricate 
relationship between COPD and CVD, functioning as a 
crucial link between these conditions. This underscores 
the pressing need for a comprehensive care strategy that 
addresses the shared pathological processes underlying 
these associated conditions.

PI3Ks play a pivotal role in atherosclerosis and COPD 
by driving inflammation, oxidative stress, and tissue 
remodeling, contributing to disease progression and 
exacerbations.

The multifaceted role of PI3K inhibitors in address-
ing the overlapping pathophysiological mechanisms of 
COPD and atherosclerosis presents significant thera-
peutic potential. Selective targeting of isoforms such 
as PI3Kγ and δ can reduce inflammation and enhance 
immune regulation, while PI3Kα and β inhibitors may 
prevent vascular remodeling and fibrosis.

Employing localized delivery systems such as inhalable 
formulations and vascular stents can further enhance 
precision and minimize systemic side effects.

1  Introduction

An increasing body of evidence indicates that there is a 
complex and multifactorial relationship between chronic 
obstructive pulmonary disease (COPD) and cardiovascu-
lar disease (CVD) [1]. This relationship is characterized by 
shared risk factors, systemic inflammation, and overlapping 
pathophysiological mechanisms. However, the mechanistic 
links between COPD and CVD remain complex and multi-
factorial, and the precise nature of these links is not yet fully 
understood [2].

http://crossmark.crossref.org/dialog/?doi=10.1007/s40265-025-02179-9&domain=pdf
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Although systemic inflammation represents a crucial link 
between the two conditions, the precise pathways through 
which this inflammation arises remain a matter of debate. 
The spill-over theory, which proposes that inflammation 
originating in the lungs spreads into the systemic circulation, 
leading to systemic inflammation, and the systemic inflam-
matory syndrome hypothesis, which suggests that  persistent 
low-grade systemic inflammation may precede or occur in 
parallel with damage to organs such as the lungs, heart and 
vasculature, and may contribute to multi-organ dysfunc-
tion, provide complementary perspectives that inform future 
therapeutic strategies [3]. It can be reasonably argued that 
the mitigation of cardiovascular risk in patients with COPD 
necessitates an approach that addresses shared risk factors, 
reduces systemic inflammation, and improves pulmonary 
health [4].

2 � How Atherosclerosis Evolves 
in Cardiovascular Disease and Links 
to COPD

Atherosclerosis, which is fundamentally an inflammatory 
disease, represents a pivotal mechanism through which 
COPD and CVD are interrelated. This is evidenced by the 
fact that they share underlying processes, including systemic 
inflammation, oxidative stress, and endothelial dysfunction 
[5, 6]. In both conditions, elevated oxidative stress levels 
result in damage to the vascular endothelium, impairing its 
function and increasing permeability to lipids across the 
blood vessel. This damage allows low-density lipoprotein 
(LDL), a key factor in the development of atherosclerosis, 
to enter the arterial walls, where it can become oxidized [7].

The principal lipoprotein component of LDL, apolipo-
protein B-100, is responsible for the binding of LDL to 
LDL-specific receptors found on the membranes of some 
cells. The oxidized LDL (oxLDL) accumulates in the arte-
rial walls and is taken up by macrophages. The accumulation 
of lipid-laden macrophages leads to the formation of foam 
cells, which aggregate to form fatty streaks, the earliest vis-
ible lesions in atherosclerosis. Over time, these fatty streaks 
evolve into mature atherosclerotic plaques [7]. The transition 
from fatty streaks to mature plaques involves various bio-
chemical and immunological processes primarily regulated 
by macrophages [8].

Macrophages are key regulators of inflammatory and 
metabolic signals within these plaques, orchestrating 
immune responses and influencing plaque stability or pro-
gression [9]. Evidence indicates that dysfunction in mac-
rophage metabolism is a significant factor contributing 
to plaque development, exacerbated by various environ-
mental influences, notably cigarette smoke. This exposure 
introduces reactive aldehydes and oxidative stress, which 

impair mitochondrial functions and disrupt lipid-handling 
capacities in macrophages [10]. Such metabolic impairments 
notably reduce the ability of macrophages to clear excess 
oxLDLs, leading to an increased propensity for foam cell 
formation. However, oxidative stress not only decreases the 
ability of macrophages to clear lipids, but also encourages 
the accumulation of proinflammatory cytokines [11]. These 
cytokines contribute to vascular inflammation and plaque 
instability, thereby fostering a vicious cycle of atherosclero-
sis [12]. However, excessive lipid metabolism in foam cells 
not only results in inflammatory cytokine production, but 
also induces cell death (apoptosis) [8]. During the progres-
sion of atherosclerosis, a large number of foam cells or mac-
rophages undergo apoptosis induced by oxLDLs, but mainly 
in advanced plaques, efferocytosis is impaired, leading to 
secondary necrosis accompanied by the release of cellular 
contents such as lipids, cell debris, and damage-associated 
molecular patterns (DAMPs), which ultimately contribute to 
a lipid-rich necrotic core and unresolved inflammation [8].

As plaques grow, they become encapsulated by a fibrous 
cap. This fibrous cap is susceptible to rupture when it 
becomes thin and fragile. This is often due to persis-
tent inflammation, enzymatic degradation, and increased 
mechanical stress [13]. The rupture exposes the thrombo-
genic lipid core to circulating blood, triggering platelet acti-
vation and the coagulation cascade. The result is the forma-
tion of a thrombus that can partially or completely occlude 
the vessel, leading to acute cardiovascular events such as 
myocardial infarction or stroke [14].

Atherosclerosis is the primary contributor to several 
CVDs, including stroke, coronary heart disease, myocar-
dial infarction, and peripheral arterial disease. These col-
lectively account for a significant proportion of mortality 
among patients with COPD [15]. Conversely, some studies 
have indicated a correlation between the severity of COPD 
and the extent of airflow limitation with the degree of ath-
erosclerotic disease [16–18]. This creates a bidirectional 
relationship where COPD worsens CVD and vice versa.

The central role played by atherosclerosis in the recipro-
cal relationship between COPD and CVD, acting as a bridge 
between the former and the latter, emphasizes the necessity 
for comprehensive care that addresses the common patho-
logical mechanisms of these interconnected diseases.

3 � Understanding the Role of PI3K 
in Atherosclerosis and COPD

Phosphoinositides are ubiquitous membrane components 
in different cell types and tissues and act as dynamic sec-
ond messengers in numerous intracellular signaling path-
ways that tightly regulate key physiological activities [19]. 
Phosphoinositide 3-kinase (PI3K) is a family of intracellular 
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signaling enzymes that are responsible for the synthesis of 
specific phosphoinositides and thereby regulate various cel-
lular processes, including inflammation, cell proliferation 
and differentiation, metabolism, survival and apoptosis [20].

The PI3K/Akt pathway is a critical regulator of inflam-
matory processes and macrophage polarization, modulat-
ing the balance between pro- and antiinflammatory immune 
responses [21]. Its involvement in the pathogenesis of ath-
erosclerosis is well established [21, 22]. Activation of this 
pathway promotes vascular smooth muscle cell proliferation 
and migration, disrupts endothelial integrity, and enhances 
leukocyte adhesion and transendothelial migration into the 
arterial intima. Together, these mechanisms drive chronic 
vascular inflammation and contribute to the initiation, pro-
gression, and destabilization of atherosclerotic plaques [22].

In the context of COPD, activation of PI3K in response 
to inflammatory stimuli facilitates neutrophil activation, 
increases neutrophil chemotaxis and degranulation, and 
thereby exacerbates lung inflammation [23]. In addition, the 
PI3K/Akt pathway plays a critical role in regulating mac-
rophage function, which is impaired in COPD [24]. Mac-
rophages are key mediators of persistent lung inflammation 
and contribute to disease progression by promoting tissue 
damage and remodeling through the secretion of proinflam-
matory cytokines and proteolytic enzymes [25]. Dysregu-
lated activation of the PI3K/Akt pathway is closely asso-
ciated with the modulation of macrophage differentiation 
into distinct functional phenotypes, including the classically 
activated (M1) proinflammatory and alternatively activated 
(M2) antiinflammatory states [26]. In the chronic inflam-
matory milieu characteristic of COPD, there is typically a 
predominance of M1 macrophages, which perpetuate inflam-
matory responses and exacerbate tissue destruction [27].

The potential of PI3K inhibitors as therapeutic agents 
for the reduction of atherosclerosis has been the subject of 
recent considerable interest, as evidenced by the numerous 
studies that have been conducted in this area [28]. The inhi-
bition of PI3K has been demonstrated to reduce both inflam-
mation and the proliferation of vascular smooth muscle cells, 
thereby stabilizing plaques [22]. This may lead to a reduc-
tion in cardiovascular events and therefore an improvement 
in COPD. Nevertheless, its extensive suppression may com-
promise immune responses [29], thereby increasing suscep-
tibility to infections, which represents a significant concern 
for patients with COPD.

In any case, the use of these agents in patients with 
COPD is complex and presents several challenges, primarily 
because they act on shared inflammatory pathways, which 
may have the effect of exacerbating respiratory symptoms 
[30].

Given the current evidence and the issues we have high-
lighted, we believe it is important to explore strategies to 
optimize the use of PI3K inhibitors to effectively reduce 

atherosclerosis while minimizing the risk of exacerbating 
COPD symptoms.

4 � PI3K Isoenzymes

The PI3K family is classified into three distinct classes 
(I, II, and III) on the basis of structural characteristics, 
phospholipid substrates, and regulatory mechanisms [28, 
31]. Phosphatidylinositol 3,4,5-trisphosphate, gener-
ated by class I PI3Ks through the action of growth fac-
tor receptors and G protein-coupled receptors, acts as a 
second messenger, promoting the recruitment of effector 
proteins to particular areas of the plasma membrane or 
intimal region [32]. The aforementioned effectors belong 
to a variety of functional protein classes, namely protein 
kinases and other enzymes, signaling adaptors, and regu-
lators of small GTPases. Because of this diversity, class I 
PI3Ks are capable of initiating and contributing to a wide 
array of signaling pathways within cells.

The four class I enzymes, designated PI3Kα, PI3Kβ, 
PI3Kγ, and PI3Kδ, are heterodimers comprising a catalytic 
subunit of 110 kDa (p110α, p110β, p110γ, or p110δ) and 
a regulatory subunit [28, 31]. Class I PI3Ks can be further 
categorized into two subcategories on the basis of the cata-
lytic subunits that they contain: class IA and class IB. In 
the mammalian system, class IA comprises three distinct 
isoforms: PI3Kα, PI3Kβ, and PI3Kδ. In contrast, class IB is 
represented by a single isoform, PI3Kγ. The diverse activa-
tion mechanisms of the class I PI3K isoforms suggest that 
each has specific biological functions that operate down-
stream of G protein-coupled receptors, such as those acti-
vated by chemokines. It is noteworthy that both PI3Kγ and 
PI3Kδ are predominantly (though not exclusively) expressed 
in leukocytes, indicating their substantial involvement in 
PI3K-mediated signaling within both the innate and adap-
tive immune systems.

In the heart, the different PI3K class I isoenzymes fulfill 
distinct roles in maintaining normal function and in respond-
ing to stress or injury (Fig. 1) [28, 33, 34]. PI3Kα, which is 
expressed ubiquitously with significant expression in cardiac 
myocytes, is crucial for physiological growth and metabolic 
regulation, and thus essential for normal cardiac function 
and adaptation. PI3Kγ, which is predominantly expressed in 
leukocytes, but also in cardiac myocytes and fibroblasts, and 
PI3Kδ, which is predominantly expressed in immune cells 
with low expression in cardiac cells, are more involved in 
pathological processes, such as inflammation and fibrosis. 
Additionally, PI3Kγ is involved in the β-adrenoceptor (AR) 
signaling pathway. PI3Kβ, which is expressed ubiquitously, 
but with lower expression in the heart compared with PI3Kα, 
plays a supporting role in the heart but is more relevant to 
thrombosis and vascular health [28].
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The various PI3K class I isoenzymes also perform dis-
crete functions within the lungs [31, 35] (figure). PI3Kγ, 
which is highly expressed in immune cells, including mac-
rophages and neutrophils, which are abundant in the lungs 
of patients with COPD, and PI3Kδ, which is predominantly 
expressed in immune cells, particularly B and T lympho-
cytes, are principal contributors to the inflammatory and 
immune aspects. PI3Kα, which is expressed in a wide 
range of cells, including epithelial cells, endothelial cells, 
and smooth muscle cells in the lungs, influences structural 
changes in the airway and vasculature. PI3Kβ, which is pre-
sent in many cell types present in the lung, plays a critical 
role in neutrophil activation by immune complexes [36] and 
works alongside other isoforms in inflammatory and oxida-
tive stress responses. However, it is less well characterized 
than other isoforms in COPD.

5 � The Contribution of PI3K Isoenzymes 
to Overlapping Pathophysiological 
Processes in Atherosclerosis and COPD

As previously stated, both atherosclerosis and COPD are 
driven by chronic inflammation, which involves the acti-
vation of inflammatory cells, the release of cytokines, and 
oxidative stress. PI3K isoenzymes play a pivotal role in 

immune cell signaling and recruitment and activation in both 
diseases, as well as in platelet activation and thrombosis 
(Table 1). In atherosclerosis, these enzymes facilitate the 
recruitment of monocytes/macrophages to vascular plaques 
and contribute to the systemic inflammation that can exac-
erbate COPD outcomes by intensifying pulmonary inflam-
mation [37]. In COPD, there is a notable elevation in PI3K 
activity, which drives neutrophilic and lymphocytic inflam-
mation in the lungs. The spillover of inflammatory media-
tors such as interleukin (IL)−6 and tumor necrosis factor 
(TNF)-α into the systemic circulation contributes to vascular 
dysfunction and accelerates the development of atheroscle-
rosis [38]. Furthermore, PI3Kγ has been demonstrated to 
amplify oxidative stress by activating nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidases in immune cells 
[39]. In COPD, systemic inflammation increases the risk 
of cardiovascular events, particularly during exacerbations 
[40].

6 � Selective Isoform Targeting

Stabilizing atherosclerotic plaques and reducing systemic 
inflammation may lead to improved clinical outcomes in 
COPD by reducing the frequency of exacerbations and lim-
iting systemic inflammatory spillover [37]. In this context, 

Fig. 1   Summary of the expres-
sion and roles of PI3K isoforms 
in cardiac and lung function. 
Each bar corresponds to an iso-
form, with detailed annotations 
for its expression pattern and 
role in cardiac or lung function 
and pathology



745PI3K Inhibitors as Potential Therapeutic Agents

PI3K inhibitors have emerged as potential therapeutic agents 
capable of modulating inflammatory pathways and thereby 
reducing systemic inflammation, which contributes to both 
atherosclerotic plaque instability and COPD exacerbations.

The utilization of pan-PI3K inhibitors, which target all 
four catalytic isoforms of class I PI3K, has been demon-
strated to induce a broad spectrum of activities and a broader 
inhibition. The inhibition of pan-PI3K with LY294002 has 
been shown to markedly augment the elevation of L-type 
Ca2⁺ channel currents, intracellular Ca2⁺ transients, and 
myocyte contractility induced by β1-ARs [41]. It has been 
evidenced that pan-PI3K inhibitors display cardiotoxic-
ity, predominantly manifesting as arrhythmogenic effects 
[42]. Moreover, pan-PI3K inhibitors have been found to 
rapidly induce apoptosis, leading to decreased viability and 
impaired contractility of cardiomyocytes [43]. Neverthe-
less, the use of pan-PI3K inhibitors to target multiple PI3Ks 
with the aim of achieving maximal suppression of pathway 
activity may prove an effective approach in the treatment 
of COPD. ZSTK474, a pan-PI3K inhibitor, has been dem-
onstrated to effectively inhibit the secretion of matrix met-
alloproteinase-9 and reactive oxygen species (ROS) from 
neutrophils obtained from patients with COPD [23]. Addi-
tionally, wortmannin, a further pan-PI3K inhibitor, has been 
found to facilitate the differentiation of alveolar stem cells 
into mature alveolar cells [44]. In animal studies focused 
on understanding COPD, pan-PI3K inhibitors have been 
shown to significantly promote the regeneration of alveoli, 
suggesting a promising role in enhancing lung regeneration 
for patients with COPD. However, it is important to note that 
this approach carries the potential risk of systemic adverse 
effects [45].

The assumption that all PI3K inhibitors will have the 
same effect on both atherosclerosis and COPD symptoms is 
an oversimplification that fails to account for the complex-
ity of the underlying biological pathways. Isoform-specific 
inhibitors perhaps offer a more targeted and safer approach 
(Table 2).

The inhibition of PI3Kγ or PI3Kδ may prove an effec-
tive means of reducing pathological inflammation and fibro-
sis in conditions such as heart failure or myocarditis. The 
selective inhibition of PI3Kγ with AS605240 was found to 
significantly reduce early atherosclerotic lesions in apolipo-
protein E-null mice, and to attenuate advanced atheroscle-
rotic lesions in LDL receptor-deficient mice [46]. However, 
it also resulted in an increased infarct size with defective 
reparative neovascularization and impaired recovery of left 
ventricular function in a mouse model of myocardial infarc-
tion [47]. Nevertheless, TG100-115, a PI3Kγ/δ inhibitor, has 
been demonstrated to effectively reduce infarct size follow-
ing myocardial ischemia/reperfusion injury in rodent models 
[48]. However, the anticipated outcomes were not achieved 
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in a phase I/II clinical trial in patients with post-myocardial 
infarction [49].

Given the established link between PI3Kγ and δ subtypes 
and the inflammation present in patients with COPD [50], 
the reduction of nitric oxide production by PI3K inhibi-
tors through the inhibition of carbon monoxide synthase 
indicates that disrupting the PI3Kγ/δ signaling pathway 
may prove beneficial in addressing the imbalance in pro-
teases observed in cases of severe COPD [51]. Aerosolized 
TG100-115 was demonstrated to be efficacious in inhibit-
ing the activation of pulmonary neutrophils caused by intra-
nasal LPS and smoke in a murine model of COPD [52]. 
Moreover, AS605240 was found to reduce the migration 
of polymorphonuclear leukocytes in vitro and to decrease 
their infiltration into the lungs of mice with LPS-induced 
lung injury [53]. It is noteworthy that the therapeutic appli-
cation of TG100-115 demonstrated efficacy even in cases 
of steroid-resistant COPD resulting from smoking in these 
mice. AZD8154, another PI3Kγ/δ inhibitor, which demon-
strated efficacy in a rat ovalbumin challenge model of aller-
gic asthma and in cells derived from patients with asthma 
[54], has been successfully tested in healthy volunteers [55], 
but its development has been discontinued [56].

Several PI3Kδ inhibitors have been the subject of exami-
nation in preclinical and clinical studies with a focus on 
pulmonary conditions. The efficacy of LAS191954 was 
evaluated against concanavalin A-induced IL-2 production 
and a notable reduction in T cell cytokine production was 
found [57]. IHMT-PI3Kδ−372 has been shown to dose-
dependently enhance lung function, increasing arterial 
oxygen saturation while decreasing arterial carbon dioxide 
levels in animals exposed to cigarette smoke [58]. In addi-
tion, the levels of inflammatory cytokines, including IL-1, 
IL-6, IL-8, and TNF-α, and the number of alveolar mac-
rophages in bronchoalveolar lavage, were found to decrease 
in a dose-dependent manner. Nemiralisib is a potent and 
highly selective inhaled PI3Kδ inhibitor that inhibits the 
release of proinflammatory cytokines from human periph-
eral blood mononuclear cells and human lung tissue with 
nanomolar potencies [59]. CHF6523 is another PI3Kδ 
inhibitor that in a series of preclinical studies conducted in 
rodent models of airway inflammation demonstrated potent 
inhibition of eosinophilic/type-2 inflammation comparable 
to that of nemiralisib [60]. However, this drug did not induce 
demonstrable antiinflammatory effects in patients with sta-
ble COPD (chronic bronchitis phenotype)  and evidence of 
type-2 inflammation [61]. These findings suggest that this 
pharmacological pathway is a questionable target for the 
treatment of inflammatory airway diseases.

A recent systematic review evaluated the effectiveness 
and safety of nemiralisib in patients with COPD, but the 
findings were inconclusive [62]. The effects of nemiral-
isib on lung function, as evaluated through spirometry and Ta
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functional respiratory imaging, were unclear. Addition-
ally, no significant disparities were observed between the 
nemiralisib and control groups with respect to the utiliza-
tion of rescue medication or patient-reported outcomes, 
which included the COPD Assessment Test (CAT) score, 
St. George's Respiratory Questionnaire (SGRQ) score, 
and modified Medical Research Council (mMRC) score. 
Also RV-1729 has been investigated in patients with COPD 
(NCT02140346), but no results have been revealed.

Neutrophils, a pivotal component of the innate immune 
system, play a critical role in fighting pathogens. However, 
in the context of patients with COPD, there is a notable dim-
inution in the migratory functionality of their blood-derived 
neutrophil population, both in terms of speed and direction-
ality [63]. This phenomenon can be reversed through the 
utilization of PI3Kδ inhibitors [64]. These inhibitors have 
also been found to enhance the functionality of both B and T 
lymphocytes, leading to a reduction in the secretion of pro-
inflammatory factors [65]. Consequently, the potential exists 
for PI3Kδ inhibitors to serve to decrease the incidence of 
pathogen-induced exacerbations by facilitating neutrophil-
mediated clearance of pathogens and suppressing inflam-
matory responses [66], while also stabilizing atherosclerotic 
plaques by limiting macrophage-driven inflammation and 
oxidative damage. In addition, nemiralisib has been shown 
to decrease the secretion of proinflammatory cytokines and 
enhance survival rates in the context of infections [65]. Fur-
thermore, the drug influenced the migratory patterns of neu-
trophils in patients with stable COPD, but this effect was not 
observed in acute exacerbations of COPD [67]. Indeed, the 
results on the efficacy of nemiralisib on key endpoints, such 
as exacerbation rate, time to next exacerbation, exacerbation 
recovery proportion, time to exacerbation recovery, and the 
use of rescue medication, are inconclusive according to the 
results of the examined review [62].

UCL-TRO-1938, a small-molecule activator of the PI3Kα 
isoform, has been demonstrated to provide cardioprotection 
from ischemia-reperfusion injury in rodent models [68]. 
However, there is also evidence that PI3Kα inhibition can 
result in an increased risk of arrhythmia, biventricular car-
diac dysfunction, and impaired recovery from cardiotoxicity 
[69]. The use of alpelisib, a PI3Kα inhibitor, has been shown 
to exert detrimental effects on cardiac health and post-myo-
cardial infarction cardiac repair, thereby indicating that both 
endothelial and cardiomyocyte PI3Kα plays an important 
role in cardiac recovery following a myocardial infarction 
[70]. Regarding the impact on the lungs, it was demonstrated 
that the inhibition of PI3Kα with NVS-PI3-2 led to a notable 
reduction in the production of TNF-α and IL-6 by alveolar 
macrophages [71]. Furthermore, it was found that PIK-75, 
a PI3Kα specific inhibitor, markedly suppressed particulate 
matter-induced inflammation and mucin hypersecretion in 
human bronchial epithelial cells [72].

Inhibition of PI3Kβ may be an effective strategy for 
reducing thrombotic risks. However, more research is 
needed to determine its direct relevance to COPD lung 
pathology, given the possibility that PI3Kβ may exacerbate 
inflammation under certain conditions and its inhibition may 
prolong bleeding time [73].

Nevertheless, the use of selective PI3Kα and PI3Kβ 
inhibitors also presents a promising avenue for the treat-
ment of patients with concomitant COPD and atherosclero-
sis. Indeed, the selective inhibition of PI3Kα and PI3Kβ has 
the potential to prevent excessive vascular smooth muscle 
cell proliferation, remodeling, and platelet activation in ath-
erosclerosis and to reduce airway fibrosis and remodeling in 
COPD, while avoiding the adverse effects associated with 
excessive suppression of immune responses.

It is also important to note that PI3Ks, particularly PI3Kδ, 
play a role in corticosteroid resistance in COPD by inhibit-
ing histone deacetylase-2 activity. An increase in the effi-
cacy of dexamethasone on the accumulation of inflammatory 
cells was observed in mice administered IC87114, a selec-
tive inhibitor of PI3Kδ [74]. Consequently, the inhibition of 
PI3Kδ may serve to enhance the antiinflammatory effects 
of corticosteroids in COPD [23], thereby reducing the risk 
of exacerbations while also conferring benefits with respect 
to atherosclerosis. It is noteworthy that formoterol, but not 
salmeterol, reversed oxidative stress-induced corticosteroid 
insensitivity and decreased β2-AR-dependent cAMP produc-
tion via inhibition of PI3Kδ signaling [75].

The U.S. Food and Drug Administration (FDA) has 
granted approval for the use of several PI3K inhibitors. 
These include the PI3Kα inhibitor alpelisib, which has been 
approved for the treatment of breast cancer; the PI3Kδ inhib-
itors umbralisib and idelalisib; the dual inhibitor of PI3Kδ 
and PI3Kγ, duvelisib, which has been voluntarily withdrawn 
from the market by its developer; and the pan-PI3K inhibitor 
copanlisib, all of which have been approved for the treat-
ment of blood disorders [76]. Furthermore, the FDA has 
granted approval for lenolisib to be used in the treatment of 
activated PI3Kδ syndrome, which is caused by mutations 
in the PIK3CD or PIK3R1 genes that encode PI3Kδ [77].

7 � Optimizing PI3K Inhibitor Treatment 
to Achieve Dual Benefit

The simultaneous treatment of atherosclerosis and COPD 
poses a significant challenge due to the considerable overlap 
in the inflammatory and immune pathways of these two con-
ditions [1]. In the context of an integrated pharmacological 
approach with smoking cessation, exercise, and diet modifi-
cations [78], the combination of PI3K inhibitors with other 
antiinflammatory or lipid-lowering agents might produce 
synergistic effects.
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It is likely that combining low-dose PI3K inhibitors with 
corticosteroids and/or bronchodilators (e.g., formoterol) may 
improve outcomes in patients with COPD with coexisting 
atherosclerosis, given the ability of PI3Kδ inhibition to 
enhance corticosteroid efficacy [23] and the ability of for-
moterol to restore corticosteroid sensitivity and modulate 
cAMP production through PI3Kδ inhibition [75]. In addi-
tion, when corticosteroids interact with the glucocorticoid 
receptor, they activate PI3K and protein kinase Akt [79]. 
These, in turn, stimulate endothelial nitric oxide synthase 
and promote vasorelaxation through nitric oxide, which has 
also antithrombotic and antiproliferative properties [79].

Also the combination of statins and PI3K inhibitors may 
offer complementary benefits. Statins can stabilize athero-
sclerotic plaques [80] and reduce vascular inflammation 
[81], while PI3K inhibitors can attenuate chronic airway 
inflammation and oxidative stress [82], potentially enhanc-
ing the efficacy of corticosteroids. Moreover, both agents act 
on overlapping inflammatory pathways, including NF-κB 
and cytokine signaling cascades [83, 84].

In any case, a multifaceted approach incorporating the 
selective targeting of PI3K isoforms, in addition to tissue-
specific delivery mechanisms and continuous monitoring of 
inflammatory responses, might ensure effective targeting of 
shared pathophysiology while circumventing any unintended 
exacerbation of either disease (Table 3).

The objective should be to achieve a balance between the 
systemic antiinflammatory effects of PI3K inhibitors and 
the precise control of their tissue-specific actions to avoid 
undesirable adverse effects such as, for example, altered 
immune responses in the lungs or vascular complications. 
The selective inhibition of specific isoforms allows for the 
implementation of a targeted therapeutic action that reduces 
risk of impairing tissue repair or causing excessive immuno-
suppression, which is of particular significance for patients 
with COPD prone to infections. Thus, by targeting PI3Kγ 
and PI3Kδ for reducing inflammatory processes [85] and 
PI3Kα and β for vascular repair [86], broad-spectrum PI3K 
inhibition can be avoided, preventing potential impair-
ments to critical cellular functions such as tissue repair and 
immune surveillance [87].

However, to optimize PI3K inhibitors to deliver dual ben-
efits to enhance the therapeutic efficacy of these inhibitors 
in patients with concurrent cardiovascular and respiratory 
conditions, there is also the need to employ localized deliv-
ery systems [88].

The administration of PI3K inhibitors at a systemic level 
may result in off-target effects, particularly in patients with 
preexisting comorbidities. This is because, although each 
class I PI3K is prominently associated with a specific set 
of functions, there is a considerable degree of redundancy 
within this family of enzymes [87]. The use of localized 
delivery systems, such as inhalable formulations for COPD 

or vascular stents coated with PI3K inhibitors for atheroscle-
rosis, can facilitate the precision of drug delivery. Inhalable 
PI3K inhibitors, for example, can directly diminish lung 
inflammation without substantial systemic exposure [77], 
thereby reducing adverse effects such as immunosuppres-
sion. Similarly, vascular-specific drug delivery systems, 
including the incorporation of PI3K inhibitors as drug-
eluting stents or drug-coated balloons [89], could focus 
treatment on atherosclerotic lesions, thereby reducing the 
risk of adverse effects in the lungs. The strategy of formu-
lating PI3K inhibitors as prodrugs for potential inhalation 
administration is a particularly fascinating area of research. 
CL27 is a prodrug pan-PI3K inhibitor that is engineered 
to be activated within airway epithelial cells through the 
action of cytoplasmic esterases, resulting in the release of 
the active compound [90]. The hydrophobic characteristics 
of the active drug ensure that it remains intracellular, thus 
minimizing its access to the bloodstream and other tissues.

Recently it has been suggested that utilizing targeted 
nanoparticles can enhance the therapeutic effects of PI3K 
inhibitors while minimizing systemic exposure [91]. The 
nanoparticle-based delivery system is expected to enhance 
the bioavailability of PI3K inhibitors at the target sites in the 
lungs and atherosclerotic plaques. This would reduce inflam-
mation and improve lung function in the COPD model and 
stabilize atherosclerotic plaques and reduce plaque burden 
in the atherosclerosis model. However, there are potential 
limitations that mainly include the variability in nanoparticle 
behavior in different biological environments [92]. Further-
more, long-term effects of PI3K inhibition on cardiovascular 
health need further investigation.

It is crucial to closely monitor inflammatory responses 
in patients receiving PI3K inhibitors to evaluate therapeutic 
responses. This need arises from the understanding that, in 
the context of COPD, excessive suppression of inflamma-
tion can impede host defenses against respiratory infections, 
thereby increasing the risk of exacerbations. Conversely, in 
the setting of atherosclerosis, insufficient control of inflam-
mation can lead to plaque instability and subsequent car-
diovascular events. A proactive approach, involving close 
monitoring and timely adjustments to treatment regimens, 
is essential to achieve the delicate balance between reduc-
ing harmful inflammation and maintaining essential immune 
function. This strategy ensures that the benefits of athero-
sclerosis reduction do not come at the cost of respiratory 
health.

It was deemed vital to employ panels of biomarkers to 
assess the various components and pathways linked to the 
pathophysiology of COPD and atherosclerosis, due to the 
inefficiency of any single biomarker when used in isola-
tion [93, 94]. Circulating C-reactive protein (CRP), IL-6, 
and TNF-α are three blood biomarkers frequently linked to 
chronic inflammation. When used in conjunction with white 
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blood cell count, fibrinogen, and IL-8, TNF-α has also been 
shown to be a valuable predictor of increased mortality and 
exacerbation rates in COPD patients with inflammation, in 
comparison with those without inflammation [93]. It has 
also been established that CRP functions as an independent 
predictor of both primary and secondary events related to 
coronary heart disease [93]. However, due to the tendency 
of CRP levels to rise in response to different inflammatory 
triggers, it is still unknown whether increased CRP levels 
actually occur prior to the onset of vascular disease [94]. 
IL-6 levels in the blood of patients with coronary heart dis-
ease are elevated in comparison with healthy individuals, 
with a direct relationship between the severity of the disease 
and higher concentrations of this inflammatory marker [94]. 
Additionally, there is a significant rise in IL-6 levels during 
episodes of plaque rupture [94].

In any case, a comprehensive biomarker panel to assess 
COPD and atherosclerosis at the same time should include 
markers of systemic inflammation (CRP, IL-6, TNF-α), 
oxidative stress (malondialdehyde, 8-isoprostane), immune 
activation (neutrophil-to-lymphocyte ratio, matrix metal-
loproteinases), and endothelial dysfunction (asymmetric 
dimethylarginine, Von Willebrand factor), along with dis-
ease-specific indicators such as surfactant protein D for lung 
injury and oxidized LDL for vascular risk. These biomark-
ers should provide insights into shared pathological mecha-
nisms, supporting early diagnosis, risk stratification, and 
personalized treatment strategies.

8 � Conclusions

Atherosclerosis acts as a critical link between COPD and 
CVD due to shared mechanisms such as systemic inflamma-
tion, oxidative stress, and endothelial dysfunction. By serv-
ing as the underlying cause of many cardiovascular events, 
atherosclerosis highlights the need for integrated manage-
ment approaches to address these interconnected conditions 
effectively.

The multifaceted role of PI3K inhibitors in addressing the 
overlapping pathophysiological mechanisms of COPD and 
atherosclerosis  has  significant therapeutic potential. Indeed, 
selective targeting of specific isoforms, such as PI3Kγ and 
δ, has been shown to reduce inflammation and improve 
immune regulation. This approach is particularly promising 
for achieving a dual benefit, as it targets the inflammatory 
pathways common to both COPD and atherosclerosis. How-
ever, it is also worth considering the use of PI3Kα and β 
inhibitors, as these may prevent vascular remodeling and 
fibrosis. The employment of localized delivery systems, such 
as inhalable formulations and vascular stents, is pivotal for 
improving specificity, thus enhancing precision and reduc-
ing systemic adverse effects. Obviously, dual targeting in 

conjunction with lifestyle interventions can enhance out-
comes; however, this approach necessitates meticulous 
patient monitoring. Lastly, comprehensive biomarker pan-
els, encompassing markers of inflammation, oxidative stress, 
and endothelial dysfunction are imperative for optimizing 
treatment, facilitating early diagnosis, and achieving per-
sonalized care for patients with these comorbid conditions.

There is a clear need for further investigation into iso-
form-selective PI3K inhibitors that can maintain a balance 
between therapeutic efficacy and safety in the context of ath-
erosclerosis and COPD. In this regard, clinical trials should 
be conducted in patients with comorbid atherosclerosis and 
COPD to assess the therapeutic window of PI3K inhibitors. 
Exploration of drug delivery systems, such as nanoparticles, 
for localized PI3K inhibition is also of great importance.
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