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In recent years, the role of the cardiac microvasculature in modulating the symptoms and disease progression of
patients affected by cardiac pathology has been reconsidered. The term cardiac microvascular disease (CMD)
describes the set of functional and/or structural alterations of the cardiac microvasculature that reduce the

fgmg it ability of the heart to adequately increase its coronary blood flow to keep up with increased metabolic demand.
ongevi .. . . . . . . . . . . .
BPII§B 4 v CMD is involved in the evolution of heart disease of both ischemic and non-ischemic origin as well as in cardiac

aging. The primary actors involved in this process are the cells of the stromal compartment, whose nature and
biology are now investigated to a new level of detail thanks to single-cell omics studies. Recent studies on the
genetics of extreme longevity have identified a polymorphic haplotype variant of the BPIFB4 gene that confers
prolonged life span and health span, atheroprotective advantages, and an improved immune response.

The aim of this review was to focus on the beneficial effects of the longevity-associated variant (LAV) of
BPIFB4 on cardiac microvascular cell biology, providing novel and exciting mechanisms of its action directed
against the development or progression of many age-related cardiovascular diseases, thus emphasizing its
translational therapeutic potential.

1. Introduction and aim of the review

Although it has been overlooked for many years, the cardiac
microvasculature is crucial for modulating the symptoms and disease
progression in patients affected by cardiac pathology. The term cardiac
microvascular disease (CMD) describes the set of functional and/or
structural alterations of the cardiac microvasculature that reduce the
ability of the heart to adequately increase its coronary blood flow to
keep up with the increased metabolic demand. This may be due to al-
terations in physiological mechanisms involving gasotransmitters (e.g.,

nitric oxide, carbon monoxide, or sulfidic acid) or structural alterations
in the microvessels.

The myocardium is composed of cardiomyocytes, vascular cells, and
interstitial cells, whose anonymous morphology and the absence of
specific markers hampered their study until single-cell RNA sequencing
(scRNA-seq) experiments became available. Therefore, we are beginning
to decipher the role of the microvascular cell niche in the modulation of
inflammation and fibrosis.

Aging is associated with an increased prevalence of chronic diseases,
among which cardiovascular diseases are one of the most relevant. By
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investigating the molecular mechanisms associated with extreme
longevity, the relevant role of the longevity-associated variant (LAV) of
human bactericidal/permeability-increasing protein (BPI)-fold-con-
taining family member 4 (BPIFB4) has emerged.

Intriguingly, LAV-BPIFB4 plays a prominent role in cardiovascular
health by improving healthy longevity and vascular cell homeostasis
through the activation of endothelial nitric oxide synthase (eNOS) as
well as novel molecular mechanisms.

This review summarizes recent evidence of LAV-BPIFB4-mediated
effects on microvascular structure and function in relation to age-
related cardiovascular disorders, opening new avenues for the preven-
tion and treatment of these diseases.

2. Microvascular dysfunction in heart failure
2.1. Coronary anatomy and pathophysiology

The coronary vessel tree is composed of three anatomically and
physiologically distinct districts: large epicardial conductance vessels,
characterized by endothelial shear-stress-dependent vasodilation and
minimal drop in perfusion pressure; pre-arterioles, characterized by
higher resistance and a measurable drop in perfusion pressure; and ar-
terioles, characterized by the highest resistance and dilation in response
to changes in oxygen demand [1]. Under physiological conditions,
coronary blood flow (CBF) is kept constant over a wide range of perfu-
sion pressures owing to both myogenic and metabolic mechanisms that
regulate the vascular tone of the microvessels [2]. Finally, sympathetic
and parasympathetic innervation regulate arteriolar vasoconstriction
and vasodilation [3]. The difference in CBF between the baseline value
and maximal vasodilation is defined as the coronary flow reserve (CFR)
and may be experimentally assessed using vasoactive drugs [2].

2.2. Non-obstructive coronary artery disease

Although obstruction of the epicardial coronary arteries has received
much attention, 20-50 % of patients with angina (i.e., chest pain due to
myocardial ischemia) or other evidence of cardiac ischemia have a
normal coronary angiogram (angina with non-obstructive coronary ar-
tery disease [ANOCA] and ischemia with non-obstructive coronary ar-
tery disease [INOCA]). These episodes can be caused by coronary
vasospasm or CMD in nearly two-thirds of the patients. Percutaneous
coronary intervention (PCI) has minimal impact on symptom relief and
medium-term prognostic benefit in patients with stable angina, sug-
gesting that CMD is a major pathogenic factor in this setting [4]. In
extreme cases, myocardial infarction can occur in the absence of
obstructed coronary arteries (MINOCA) [5]. The term CMD was first
used to define microcirculation abnormalities that lead to inadequate
vasodilative responses or pathological vasoconstrictive responses to
physiological or pharmacological stimuli, and can be assessed as CFR
impairment [6]. The diagnostic workup of ANOCA and INOCA involves
angiography to rule out significant epicardial stenosis [7], whereas both
noninvasive diagnostic tools (e.g., transthoracic Doppler echocardiog-
raphy and cardiac magnetic resonance) and invasive diagnostic tech-
niques to determine CFR (e.g., intracoronary Doppler or intracoronary
thermodilution) and to rule out vasospasm (i.e., acetylcholine provo-
cation test) are required for a correct etiological classification [8].

2.3. Coronary microvasculature in cardiovascular disease

Acute stenosis of the epicardial arteries leads to potent vasodilation
of the resistance vessels as a compensatory mechanism to preserve CBF
[2]. Conversely, chronic coronary artery stenosis leads to remodeling of
the microvascular compartment, which decreases the CFR and de-
termines the metabolic and structural changes in the myocardium that
induce chronic depression of cardiac contractility in a pathological
condition called myocardial hibernation [9]. Indeed, in pigs subjected to
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left anterior descending artery (LAD) constriction, arterioles distal to the
stenotic region show a reduced myogenic response and an exaggerated
vasoconstrictive response to endothelin-1 [10]. Similarly, pigs exposed
to 4 weeks of LAD stenosis that developed chronic myocardial hiber-
nation were characterized by structural remodeling of the small intra-
myocardial coronary arteries, with an increased wall thickness-to-lumen
ratio and reduced lumen area per arteriole. These changes are correlated
with CBF reduction and myocardial fibrosis [11]. Although a transient
compensatory increase in arteriolar density has been described, arteri-
olar remodeling persists even after the resolution of chronic stenosis by
PCI, leading to a reduction in maximum perfusion [12].

A pathogenic role of CMD has also been observed in hypertensive
and valvular heart disease and hypertrophic and dilated cardiomyopa-
thy [13,14]. CMD is also observed in the presence of systemic diseases
(e.g., diabetes mellitus, obesity, autoimmune diseases, and chronic
kidney disease) [13]. Overweight and obesity affect epicardial coronary
arteries, increasing the risk of coronary artery disease (CAD) indepen-
dently, at least in part, from arterial blood pressure and lipid profiles
[15]. Known mechanisms involve adipokine secretion, insulin resis-
tance, inflammation, and oxidative stress [16]. However, in addition to
CAD, CMD is emerging as a pathogenic mechanism of obesity-associated
heart diseases. Indeed, in obese patients without evidence of CAD, an
inverse relationship exists between CFR and body mass index (BMI),
whereas CFR is associated with cardiovascular events independent of
BMI [17]. Concerning the mechanisms responsible for this, systemic
inflammatory molecules were independently associated with CFR in
obese patients without signs of cardiovascular disease [18], while
endocannabinoids were inversely correlated with the variation of
myocardial blood flow to cold pressor test or dipyridamole [19]. Addi-
tionally, obesity is associated with insulin resistance and hyperglycemia,
which promotes the formation of reactive oxygen and nitrogen species,
thus reducing the production and bioavailability of NO [20].

Sex-related differences were also observed. Angina pectoris is less
frequently associated with obstructed coronary arteries in women [21],
whereas women-specific cardiovascular risk factors include pregnancy-
associated conditions (e.g., preeclampsia, gestational diabetes, and
preterm labor), premature menopause, and a history of autoimmune
disease [3]. From an anatomical standpoint, although women have
smaller epicardial coronary arteries, they are protected from focal cor-
onary artery disease [22], especially during the premenopausal period.
In middle-aged women, the CFR, assessed using invasive methods, was
lower than that in men, mostly because of the higher resting CBF in
females [23]. This has been attributed to sex-related differences in the
autonomic nervous system [3]. Furthermore, the presence of smaller
arteries with higher flow is coupled with high endothelial shear stress,
which protects arteries from atherosclerosis [24]. Finally, the observa-
tion that premenopausal women have a better CBF response than post-
menopausal women and age-matched men suggests a protective role of
estrogen in the microvasculature [25]. The net effect of these protective
factors on focal atherosclerosis may be associated with the development
of more diffuse coronary artery disease later in life [24].

Aging is the most relevant risk factor for cardiovascular diseases,
even in the absence of traditional factors, and is associated with both
structural and functional impairment of the microvessels [26]. Conse-
quently, impairment of flow-mediated vasodilation, angiogenesis, and
microvascular rarefaction characterizes the aged microvasculature [26].
Age-related changes in the microvasculature alter the immune and
endocrine systems, primitive cell trafficking, and cardiac neurovascular
interface [26,27]. From a mechanistic perspective, cellular senescence
(i.e., a cellular response to stressors characterized by cell proliferation
arrest coupled with the release of an altered secretome rich in pro-
inflammatory molecules) is a potential mechanism responsible for age-
related vascular dysfunction [26]. Indeed, chronic accumulation of se-
nescent cells characterizes age-related pathologies [28], whereas in the
heart, fibroblast senescence is associated with tissue fibrosis [29].
Conversely, the selective elimination of senescent cells has been
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associated with attenuation of the aging phenotype, including athero-
sclerosis and cardiac fibrosis [30,31]. Cardiac fibrosis has prominent
clinical relevance since a 3 % increase in extracellular volume is asso-
ciated with a 50 % increase in all-cause mortality [32].

Heart failure (HF) is a syndrome caused by distinct etiologies,
characterized by either the inability of the heart to provide peripheral
tissues with an output commensurate to their metabolic requirements or
by pathologically elevated intracardiac pressures [33]. HF can be clas-
sified based on the measurement of left ventricular ejection fraction (EF)
into HF with reduced EF (HFrEF) and HF with preserved EF (HFpEF)
[33]. These two entities differ in the epidemiological characteristics of
affected patients, as HFpEF patients are usually older, often female, and
affected by comorbidities (e.g., atrial fibrillation, obesity, diabetes
mellitus, hypertension, and chronic kidney disease) [33]. An association
between HFpEF and CMD has been reported previously. A longitudinal
study conducted on 201 patients without significant CAD and an EF >
40 % followed up for 4.1 years showed that a CFR < 2 was an inde-
pendent predictor of an elevated E/e’ (an index of diastolic dysfunction),
while patients with elevated E/e’ and reduced CFR had the highest cu-
mulative rate for HFpEF hospitalization [34]. Similarly, in different
studies performed on patients fulfilling strict criteria for HFpEF, 70-80
% had CMD [35,36]. Two mechanistic links might explain the associa-
tion between CMD and HFpEF. The first involves defects in myocardial
relaxation (lusitropy). Specifically, comorbidities frequently associated
with HFpEF (i.e., obesity, diabetes, and hypertension) trigger systemic
inflammation that reduces NO bioavailability and protein kinase G ac-
tivity, thus increasing cardiac hypertrophy and cardiomyocyte stiffness
by reducing titin phosphorylation [37]. The second involves defects in
matching increased metabolic demands with adequate myocardial
perfusion, thus rendering the heart more vulnerable to subendocardial
ischemia and promoting myocardial fibrosis [38].

2.4. The cellular components of the microvascular niche cells

The myocardium comprises cardiomyocytes and interstitial cells,
including fibroblasts, mural cells (pericytes and vascular smooth muscle
cells), and endothelial cells. Single-nucleus RNA sequencing revealed
atria have fewer cardiomyocytes but more endothelial cells and fibro-
blasts compared to ventricles [39]. In ventricles, cardiomyocyte and
fibroblast proportions are inversely correlated, while pericytes and
smooth muscle cells show positive correlation, suggesting functional
organization [39]. Notably, women have a higher proportion of ven-
tricular cardiomyocytes than men [39].

The lack of specific markers historically hampered cardiovascular
niche studies until scRNA-seq identified 12 fibroblast and four mural cell
clusters, distributed within niches [40]. Some fibroblasts are more
involved in producing ECM proteins, which are crucial for wound
healing, whereas others may play roles in signaling to immune cells or in
influencing vascular remodeling [39]. Mural cells, including pericytes
and vascular smooth muscle cells (VSMCs), have also been shown to
have diverse functions, including regulating vascular stability to influ-
ence angiogenesis and inflammation, maintaining vascular integrity,
and responding to pathological stress. Vascular niche remodeling,
particularly in HF, involves disrupted interactions between endothelial
cells, pericytes, and fibroblasts, leading to increased permeability,
reduced capillary density, and impaired perfusion, worsening HF
outcomes.

2.5. Coronary microvascular disease pathophysiology

The pathophysiological mechanisms of CMD can be broadly distin-
guished as structural and functional.

Structural anomalies can be secondary to various causes. First, car-
diomyocyte hypertrophy displaces microvascular cells, thus increasing
the intercapillary distance and predisposing the heart to ischemia [41].
The second cause is ischemia-reperfusion injury (IRI), which becomes
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apparent when an adequate level of perfusion cannot be achieved
following the reopening of an obstructed epicardial artery (i.e., “no
reflow” phenomenon). The pathophysiological mechanisms of this
phenomenon include microvascular obstruction (due to thromboembo-
lism, microvascular thrombosis, and cellular plugging) and extravas-
cular compression caused by myocardial edema or hemorrhage [42]. IRI
activates leukocytes that release sheddases, damaging the endothelial
cell glycocalyx, thus increasing vascular permeability and leukocyte
adhesion [43]. Damage to endothelial cells also results in the release of
soluble thrombomodulin (sTM) into the bloodstream, which serves as a
marker of endothelial injury. Elevated levels of sSTM and syndecan-1 (a
glycocalyx component) are associated with worse outcomes in patients
with AMI, including higher mortality rates and increased likelihood of
HF [44]. Furthermore, damage-associated molecular patterns released
during reperfusion of ischemic cardiac microvascular endothelial cells
can injure non-ischemic endothelial cells, altering their morphology and
decreasing eNOS expression [45]. Proinflammatory cytokines elevate
microvascular permeability and worsen cardiac damage. Molecules such
as nerve growth factor (NGF) and angiopoietin-2 disrupt pericyte-
endothelial interactions, enhancing hyperpermeability and infarct
expansion [46,47]. The third cause is chronic remodeling of the
microvasculature, characterized by either smooth muscle cell hyper-
trophy and narrowing of the lumen, which is observed in hypertrophic
cardiomyopathy, hypertensive and/or ischemic heart disease, and in
obese stressed animals [48-50], or rarefaction of microvascular cells
occurring in ischemic and failing hearts [51]. Capillary rarefaction and
reduced myocardial oxygenation have also been observed in aging mice
[52], whereas in human hearts exposed to increased afterload, capillary
density decreases as a function of age [53]. Pericyte loss and reduction
in capillary coverage by pericytes occur both in ischemic heart disease
and in models of HFpEF [51,54]. In the latter condition, this is the
earliest alteration documented [54]. Indeed, in the PDGFR-B"™" mu-
tation model of pericyte loss, diastolic dysfunction spontaneously de-
velops in animals in the absence of other noxae [54]. Finally,
perivascular fibrosis, caused by the altered balance of matrix deposition
and remodeling, impairs the crosstalk between endothelial cells and
myocytes and is associated with reduced coronary blood flow [55].
Pericytes play pivotal roles in myocardial ischemia, no-reflow phe-
nomena, fibrosis, and scar stabilization and exert dynamic functions
throughout the phases of cardiac repair. During ischemia, destabiliza-
tion of pericyte-endothelial interactions mediated by matrix
metalloproteinase-9 (MMP-9) leads to ECM degradation, vascular
destabilization, and impaired angiogenesis [56]. This process, which is
vital for capillary remodeling, contributes to the progression of ischemic
injury by reducing capillary perfusion and promoting vascular
dysfunction. Pericytes are also key players in the no-reflow phenome-
non, where their constriction narrows the capillary lumen and obstructs
microvascular flow even after coronary reperfusion, leading to the no-
reflow phenomenon [57,58]. Experimental studies have shown that
adenosine-induced pericyte relaxation can significantly restore perfu-
sion and identify them as critical regulators of microvascular obstruction
[57]. In the proliferative phase of repair, pericyte phenotypic plasticity
and responsiveness to signaling molecules suggest their involvement in
fibrosis [59]. While fibroblasts remain the primary drivers of collagen
deposition and myofibroblast activation, lineage-tracing studies have
proposed that specific pericyte populations, such as Glilt cells,
contribute to fibrotic remodeling in infarcted hearts [60,61] (see Fig. 1).

Functional anomalies refer to the impairment of vasodilator, anti-
inflammatory, and anti-aggregation functions in the healthy endothe-
lium. These actions are promoted by gas mediators such as NO, CO,
hydrogen sulfide (H»S), and eicosanoids such as prostacyclin (PGIy). In
the CMD setting, most studies have focused on anomalies of NO, which
diffuses into smooth muscle cells where it induces relaxation by acti-
vating soluble guanylate cyclase. NO is generated by NO synthase en-
zymes (the most relevant for vascular physiology are the constitutive
ones, the neuronal isoform nNOS, and the endothelial isoform eNOS),
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Fig. 1. Cartoon illustrating the dynamics of the microvascular niche in healthy and diseased conditions. In the healthy state, the microvascular niche maintains
immune tolerance, extracellular matrix (ECM) turnover, and angiogenesis, ensuring a balanced and functional vascular environment. This state is characterized by
the coordinated interaction between endothelial cells, pericytes, and fibroblasts. In contrast, the diseased state is marked by pathological changes, including
endothelial leakage, loss of pericytes, and their activation into a profibrotic phenotype. Inmune infiltration, fibrosis, and the emergence of pro-fibrotic fibroblasts can
be observed in the pathological myocardium. These changes ultimately lead to vascular rarefaction and impaired tissue function.

which convert L-arginine to NO and citrullin. NO is a free radical that
can react with oxygen to form more reactive species such as peroxyni-
trite [62]. Intrinsic and extrinsic regulators of eNOS activity are in place
to prevent tissue damage. Among the intrinsic regulators, Ca%*-bound
calmodulin is a critical positive regulator of NOS enzymatic activity
[63]. Among the extrinsic regulators of constitutive NOS, Ser/Thr ki-
nases (e.g., Akt and AMP-activated protein kinase -AMPK-), and phos-
phatases (e.g., PP1) regulate the activity of these enzymes by
phosphorylation [64]. Other regulatory post-translational modifications
include acetylation, S-nitrosylation, S-gluathionylation, palmitoylation,
and myristoylation. Furthermore, NOS activity can be modulated by
protein-protein interactions with partners, such as Heat Shock Protein
90 (HSP90, activatory) and caveolin-1 and -3 (inhibitory) [64]. Shear
stress can also increase eNOS activity via a mechanism that involves, at
least in part, AMPK [65]. Therefore, alterations in the glycocalyx, such
as those described above, can reduce AMPK activation and eNOS activity
[65].

The second and third gasotransmitters are CO and HjS, respectively.
CO is endogenously produced by heme oxygenase (HO)-1 and — 2,
whereas HyS is produced from cysteine by different enzymes (cys-
tathionine B-synthase -CBS-, cystathionine-y-lyase -CSE-, 3-mercapto-
pyruvate sulfurtransferase —3-MPST-, and cysteine aminotransferase
-CAT-) [66]. HO-1 and -2 catabolize heme to CO, biliverdin-IXa (further
metabolized to bilirubin by biliverdin reductase, BR), and Fe?* in the
presence of Oy and NADPH [67]. All gasotransmitters easily diffuse
through the cell membranes and exert similar physiological effects
(vasodilation, anti-inflammatory activity, and cytoprotection) [66]. CO
activates, as NO does, soluble guanylyl cyclase, thus promoting vaso-
dilation [68]. Furthermore, HO and BR metabolites exert protective
effects on vascular cells [69]. Specifically, low levels of CO modulate
oxidative phosphorylation and mitochondrial quality control, reduce
ROS generation, and suppress inflammasome activation and pro-
inflammatory cytokine release [70,71]. Positive and negative

interactions between CO and NO systems have also been reported [67].

CSE is the main enzyme responsible for H,S synthesis, and is mostly
expressed in vascular cells. Consequently, HsS levels are ~100 times
higher in the aorta than in other tissues (including the heart and brain)
[72]. CSE expression is inhibited by several cardiovascular risk factors
such as high-fat diet, hyperglycemia, inflammation, and angiotensin II,
whereas it is increased by other factors, including nuclear factor
erythroid 2-related factor (Nrf2), hypoxia-inducible factor 1a (HIF-1a),
NO, and calcium [73]. The biological effects of HyS are very broad,
including modulation of gene expression and cell metabolism, and
depend on its concentration. Three major mechanisms of action have
been identified for H,S. The first is the post-translational modification of
proteins, known as the S-sulfthydration of cysteine residues. One of these
targets is the ATP-dependent K-channel (Katp), which hyperpolarizes
endothelial and smooth muscle cell membranes, thus promoting vaso-
dilation [74]. Another relevant target is NFkB, whose S-sulfhydration
promotes its antiapoptotic activity [75] and reduces LPS-induced
inflammation in astrocytes [76]. Moreover, HyS stimulates angiogen-
esis and wound healing by upregulating HIF-1a and vascular endothelial
growth factor [73]. The second mechanism of action involves the
reduction of ROS levels by both direct scavenging and regulation of the
Nrf2 pathway by S-sulfhydrating its inhibitor, Keapl [77]. Finally, HaS
signals by binding and/or reducing the metal centers of iron-heme
proteins [78].

3. Molecular biology of BPIFB4

BPIFB4 is a member of the BPIF and mammalian palate lung and
nasal epithelium clone (PLUNC) family of proteins, which are crucial
antibacterial components that participate in host protection through
their immunomodulatory properties [79]. As a member of the BPIFB
subgroup, BPIFB4 contains two hydrophobic barrel-shaped structures,
the BPI domains, which can specifically bind to lipopolysaccharides
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(LPS) and phospholipids (Fig. 2A).

BPIFB4 maps to the long arm of chromosome 20 within a gene cluster
containing four BPIFB genes (BPIFB1, BPIFB2, BPIFB3, and BPIFB6) and
two pseudogenes (BPIFB5P and BPIFB9P) (Fig. 2B) [80]. Based on
evolutionary history, protein sequences, genomic organization, and
species conservation, it has been speculated that BPIFB4 is a more recent
duplicated gene derived from BPIFB3, which in turn has post-dated
BPIFB2 and the ancestral BPI gene. BPIFB4 spans 33 KB of genome
sequence organized into 15 exons and 14 introns, encoding a protein of
575 amino acids (Fig. 2C) [80].

According to the Human Protein Atlas consortium, the encoded
protein is prominently expressed in the pituitary gland, where it shows
high co-expression correlation with a cluster of 60 pituitary-enriched
proteins and hormones. Elevated protein levels have also been re-
ported in the brain (choroid plexus), proximal digestive tract (salivary
gland), male tissues (testis), muscle tissue (heart muscle), and connec-
tive/soft muscles (adipose tissue). Further analysis revealed that BPIFB4
is highly expressed in developmentally immature cells such as embry-
onic and induced pluripotent stem cells, stem cell-containing niches of
adult tissues, and in the hippocampal dentate gyrus [81]. In addition,
studies focusing on extreme longevity have demonstrated that BPIFB4 is
a secreted protein with enriched levels in the serum of centenarians.
Consistently, BPIFB4 mRNA levels are reduced in fragile long-living
individuals (LLI), indicating that it is a molecular marker associated
with longevity and health status of the elderly [81,82].

Notably, the BPIFB4 locus has been shaped by natural selection for
successful integration into local stressful environmental factors,
including high altitudes and anthropogenic events [83,84]. In line with
these evolutionary forces, BPIFB4 plays a crucial role in specific mo-
lecular adaptive mechanisms that are linked to improved survival.
Indeed, it is instrumental in the maintenance of cellular homeostasis
through the regulation of protein synthesis and ribosome biogenesis and
in counteracting cellular stress via activation of adaptive stress re-
sponses [51,81].

4. Discovery of the longevity associated variant (LAV) of BPIFB4,
molecular mechanisms and functional significance

The longevity-associated variant (LAV) of BPIFB4 was discovered
using a stringent threshold of statistical significance for genome-wide
association studies (GWA) in three independent cohorts of
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centenarians in Italy, Europe, and the US [81]. Association analysis
demonstrated significant enrichment of the minor allele rs2070325
(lle229Val) of BPIFB4 in LLIs and its linkage disequilibrium with three
additional SNPs (rs2889732, rs11699009, and rs11696307). The
resulting LAV-BPIFB4 haplotype, characterized by four missense vari-
ants (Val229/Thr281/Phe488/Thr494), reached a frequency of 14 % in
centenarians as compared to 10 % in young controls. The most common
variant (I1e229/Asn281/Leu488/11e494) called wild-type-WT-BPIFB4,
is found in 66 % of the population.

In line with the enrichment in centenarians, the LAV-BPIFB4
haplotype was inversely correlated with frailty in elderly subjects,
strengthening its relevance in influencing the health status and
longevity of the elderly.

Further analyses showed that the LAV homozygous genotype was
positively associated with high endothelial nitric oxide (eNOS) phos-
phorylation at serine 1177 in mononuclear cells, which translates to
augmented NO production and beneficial functions in the cardiovascu-
lar system [81]. In keeping with the benefits to the vascular compart-
ment, recombinant LAV-BPIFB4 protein supplementation enhanced the
proangiogenic activity of young and senescent endothelial cells by
optimizing their ability to form a network on matrigel [51]. Importantly,
these advantages can be transferred through LAV-BPIFB4 gene therapy
in older mice, whereas eNOS phosphorylation and vessel activity are
restored to levels observed in young mice [81].

The vascular protective function mediated by LAV-BPIFB4 arises
from a cascade of biochemical events that involve two protein kinases:
Protein Kinase R (PKR)-like endoplasmic reticulum kinase (PERK) and
Protein Kinase C alpha (PKCa) [81,85]. This suggests that LAV-BPIFB4 is
more prone to PERK- and PKCa-dependent phosphorylation than the
wild-type isoform, resulting in the augmented cytoplasmic retention of
the protein. This favors sustained interaction of the LAV isoform with
14-3-3, a scaffolding protein for phosphorylated proteins, and HSP90,
an activator of eNOS. Moreover, LAV-BPIFB4 activated PKCa by
increasing calcium mobilization via a feed-forward mechanism. Taken
together, the calcium-dependent potentiation of PKCa and multiprotein
complex formation triggered by PERK are crucial signals for improved
NO availability mediated by LAV-BPIFB4 (Fig. 3).

Alongside the eNOS downstream substrate, the SDF-1/CXCR4 axis is
a crucial effector of the cardiovascular protective and immunomodula-
tory activity of LAV-BPIFB4. In this regard, LAV-BPIFB4 activates SDF-
1/CXCR4 signaling to remodel the immune system and resolve

BPIFB2

BPIFB5P

v

575 aa

Fig. 2. A) Classification of human BPIFB members; B) Physical mapping of BPIFB members on the chromosome 20; C) Schematization of BPIFB4 transcript

and protein.
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Fig. 3. Schematic representation of the two downstream effectors and the protective effects of LAV-BPIFB4 on the cardiovascular and immune systems.

inflammation through various mechanisms involving protective
macrophage polarization toward the pro-resolving M2 phenotype,
favorable redistribution of circulating monocyte cell subsets, and
reduction in T-cell activation.

Overall, these mechanistic investigations define eNOS and CXCR4 as
fundamental downstream effectors of LAV-BPIFB4, strengthening the
translational relevance of BPIFB4 in the aging of the immune and car-
diovascular systems (Fig. 3).

5. Protective role of LAV-BPIFB4 on the cardiovascular system:
from microvascular dysfunctions to heart diseases

Aging is an inevitable process influenced by genetic and environ-
mental factors and is a major independent risk factor for cardiovascular
morbidity and mortality [26,86]. Age-related cardiovascular diseases
are preceded by gradual microvascular dysfunction caused by chronic
exposure to environmental, metabolic, and inflammatory insults that
result in capillary loss, impaired blood flow regulation, and diminished
barrier function of substance exchange between the blood and organs or
tissues [26,86]. Thus, improving microvascular function and structure
may be a promising strategy for the treatment of cardiovascular
diseases.

Novel solutions may emerge from the genetic studies of LLIs. LLIs and
their offspring suffer less microvascular dysfunction and related car-
diovascular diseases, and exhibit extraordinary resistance to long-lasting
stress [87]. Hence, boosting the influence of genes that support health
and fitness in LLIs could represent an effective and safe modality to
achieve better aging and prevent microvascular and cardiovascular
complications in the general population. This could be the case for the
LAV-BPIFB4. In recent years, we have provided evidence of a close link
between LAV-BPIFB4 and microvascular function in several cardiac
injury models, indicating that the longevity protein is a promising
therapeutic tool for counteracting the damage inflicted by age-related
cardiovascular diseases [51,81,88,89]. In the following sections, we

summarize recent studies on the regulation of microvascular compart-
ments mediated by LAV-BPIFB4 and its underlying mechanisms,
including traditional pathways and novel molecular mechanisms
involved in optimizing the performance of perivascular cells, micro-
vascular angiogenesis, and capillarization.

5.1. LAV-BPIFB4 protects the heart from the damaging effects of aging
and ischemia by targeting microvascular dysfunctions

A recent study aimed at understanding the potential mechanisms
underlying the protective effects of LAV-BPIFB4 in age-related cardio-
vascular disease showed the capacity of this protein to revitalize the
function and vascularization of the ischemic heart in the elderly by
boosting the performance of microvascular PCs [51]. This study exam-
ined the differences in heart tissues obtained from elderly patients with
end-stage ischemic HF (IHF) undergoing heart transplantation surgery
and those from donors without cardiovascular complications, and
showed lower expression of BPIFB4 in both cardiomyocytes and endo-
thelial cells of IHF vs. controls. The BPIFB4 deficit was associated with
microvascular defects, including the scarcity of Von Willebrand-positive
endothelial cells and reduced density and coverage of PDGFRp-positive
PCs. Importantly, PC pauperization was remarkably attenuated in pa-
tients with IHF homozygous for the LAV-BPIFB4 genotype, highlighting
microcirculation and cardiac PC as the preferential targets of LAV-
BPIFB4 therapeutic action in aging cardiomyopathy (Fig. 4).

To obtain a more exhaustive overview of the microvascular protec-
tive effect mediated by LAV-BPIFB4, human cardiac PCs isolated from
elderly patients with IHF were used as a cell model to analyze BPIFB4
titrations. Once again, IHF PCs showed low BPIFB4 expression levels,
which correlated with an exacerbated senescent phenotype and
depressed ribosome biogenesis [51]. Indeed, BPIFB4-deficient older
IHF-PCs showed a higher frequency of Ki67 negative and YH2AX posi-
tive antigenic phenotype, lower levels of precursor 47S ribosomal RNA
(rRNA) transcripts, and smaller nucleoli than controls. Notably,
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Fig. 4. Schematic representation of the positive association between i. IHF patients homozygous for the LAV-BPIFB4 genotype and increased PC ensheathment in the
heart; ii. LAV-BPIFB4 conditioned IHF PC and improved homeostatic pathways; iii. LAV-BPIFB4 gene therapy and improvement in cardiac microcirculation.

supplementation with recombinant LAV-BPIFB4 protein rejuvenated the
IHF PCs, induced ribosomal RNA transcription, and preserved the size of
the nucleolus.

These findings indicate that BPIFB4 deficiency could accelerate
microvascular dysfunction and failure of homeostatic processes in the
heart and that boosting LAV-BPIFB4 was effective in correcting path-
ways implicated in microvascular network formation, vascular senes-
cence, and ribosome biogenesis (Fig. 4).

The possibility that LAV-BPIFB4-mediated signaling may represent a
target for treatment was further investigated at the molecular level in
the perivascular cells.

Mechanistic investigations have shown that LAV-BPIFB4-mediated
benefits in IHF PCs are attributed to the interaction of this molecule
with nucleolin (NCL), a multifunctional nucleolar protein that is mainly
implicated in the regulation of ribosome biogenesis, senescence, and
angiogenesis [51,90]. By physically interacting with NCL through two
moieties, the first BPI domain and the amino-terminal stretch of glycine,
LAV-BPIFB4 induces mutual participation of endothelial cells and IHF
PCs in vascularization. Indeed, focusing on microvascular cell in-
teractions, IHF PCs preconditioned with recombinant LAV-BPIFB4 pro-
tein enhanced the release of proangiogenic factors and the capacity to
encourage young or senescent endothelial cells to form networks on
Matrigel. Conversely, the pro-angiogenic activity induced by LAV-
BPIFB4 was blocked by silencing NCL or deleting the LAV-BPIFB4’s

binding sequence to NCL. These data indicate for the first time that the
two proteins function as an on-off switch to modulate cellular crosstalk
in angiogenesis (Fig. 4).

Overall, the in vitro study provides compelling evidence for the
protective role of LAV-BPIFB4 against microvascular heart disease,
suggesting that it is a successful therapeutic instrument capable of cor-
recting molecular and structural dysfunctions occurring in microvas-
cular compartments during aged ischemic heart disease.

5.2. LAV-BPIFB4 gene therapy in animal models of age-heart diseases
exerts preventive and reparative action on cardiac microcirculation

In line with the data described above, preclinical studies conducted
in animal models of cardiac aging have indicated that treatment with
LAV-BPIFB4 has biologically relevant effects on microvascular density
[51].

Evidence of its efficacy was recently observed in two animal models
of heart aging, represented by early and late intervention studies [51].

In an early intervention study, in which the gene was delivered
through an adeno-associated virus to middle age (14 months) and
monitored after 4 months (4-month follow-up), LAV-BPIFB4 treatment
completely prevented the decline in microcirculation occurring from
middle age to the elderly. Indeed, at the anatomical and structural
levels, LAV-BPIFB4 treatment increased capillary and arteriole density,
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as well as PC ensheathment in cardiac tissues. The quantitative
improvement of microvessels was accompanied by a decrease in cardiac
cell aging, as determined by the reductive effect of LAV-BPIFB4 on the
expression of senescence markers including the p-galactosidase,
pl6Ink4A and the histones H3.3 and YH2AX. Furthermore, this
anatomical benefit translated into the recovery of myocardial perfusion
under basal conditions and following stress, as assessed using PET/CT
imaging.

In the late intervention study, in which the treatment was started at
an older age (18 months) and had a 1-month follow-up, LAV-BPIFB4
treatment exerted a reparative action on cardiac microvascular rare-
faction that typically occurs in the elderly, confirming the advantages
previously observed in the early study.

Similar results were obtained in a mouse model of myocardial
infarction, in which a single administration of LAV-BPIFB4 revitalized
myocardial vascularization by increasing the capillary density [88].

These findings extend the positive effects observed in our earlier
preclinical studies conducted in a mouse model of type-2 diabetes and
peripheral ischemia [81,89]. In the former, LAV-BPIFB4 gene therapy
increased cardiac capillary density, whereas in the latter, both capillary
and arteriole densities were remarkably improved in the limb muscles.

Overall, in vivo studies demonstrated the capacity of LAV-BPIFB4 to
protect the heart from aging and the damaging effects of ischemia by
improving microvascular network remodeling (Fig. 4).

5.3. LAV-BPIFB4 preserves the cardiac function by improving the
cardiomyocyte contractility

Recent preclinical studies conducted in mouse models of cardiac
aging and myocardial infarction indicated that LAV-BPIFB4 gene ther-
apy exerts a significant benefit on heart contractile function [51,88].

In middle-aged mice, LAV-BPIFB4 treatment completely prevented
the decline in the cardiac index by improving systolic and diastolic
function, perfusion, and coronary flow response to p1 adrenergic stim-
ulation [51].

Similarly, the transfer of LAV-BPIFB4 in older mice recovered the
contractility indices to levels observed in middle-aged mice,
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strengthening its translational significance in human disease. Indeed,
this success was estimated to be equivalent to reducing the biological
age of the human heart by more than ten years [51].

Consistent with aging models, echocardiographic analysis conducted
in LAV-BPIFB4-treated infarcted mice indicated reduced volumetric di-
mensions and improved parameters associated with systolic function
[881], which attenuated the damage inflicted by myocardial infarction
[88].

These findings complement our previous report regarding the ca-
pacity of LAV-BPIFB4 to protect the heart from diabetes-induced dam-
age by improving diastolic and systolic functions.

Investigation of the mechanisms underlying this remarkable advan-
tage indicated that LAV-BPIFB4 exerted a direct effect on the contraction
and relaxation of human cardiomyocytes. Indeed, focusing on the
functional indexes, LAV-BPIFB4 treatment significantly increased the
beating frequency and contraction amplitude of cardiomyocytes [88],
indicating its exceptional ability to improve the performance of cardiac
muscle cells. Simultaneously, LAV-BPIFB4 gene therapy in diabetic mice
induced the upregulation of cardiac MyHC-a, a contractile protein
whose downregulation contributes to impaired cardiac performance in
diabetes [89]. At a deeper molecular level, the enhancement of con-
tractile capacity may be due to calcium-mediated activation of PKC-a
induced by LAV-BPIFB4 [85].

Taken together, by exerting a chronotropic and inotropic effects on
cardiomyocytes, LAV-BPIFB4 may protect the cardiac function from the
damaging inflected by heart disease (Fig. 5)

5.4. LAV-BPIFB4 gene therapy reduces the extension of perivascular
fibrosis by targeting the activation of cardiac fibroblasts and the
subsequent microvascular remodeling

Perivascular fibrosis is defined as the progressive accumulation of
extracellular matrix proteins (ECM) surrounding the vessels between
cardiomyocytes following both acute and chronic tissue damage events,
resulting in the remodeling and stiffening of heart tissue [55]. Peri-
vascular fibrosis plays an important role in the pathogenesis of many
cardiovascular disorders including HF, myocardial infarction, and
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Fig. 5. Top panel: schematic representation of the chronotropic and inotropic effects exerted by LAV-BPIFB4 treatment on cardiomyocytes and translational effects
on cardiac function. Panel below: cartoon showing the direct effect exerted by LAV-BPIFB4 on cardiac fibroblast activation and translational effects on car-

diac fibrosis.
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diabetes [55,91]. Therefore, malfunction or fibrotic remodeling of the
microcirculation is a major threat to cardiac health.

Despite encouraging results from experimental studies, aldosterone
antagonists are one of the few drugs with primary anti-fibrotic action
approved for clinical use, although they reduce the speed of extracel-
lular matrix accumulation rather than reverse fibrosis [92]. A new
approach to contrast fibrosis may be the use of LAV-BPIFB4, which has
been shown to be effective in attenuating perivascular and/or interstitial
fibrosis in the myocardium of diabetic, aged, and infarcted mice
[51,88,89]. The mechanism of antifibrotic LAV-BPIFB4 action may be,
in part, associated with its direct inhibitory effect on the activation of
cardiac fibroblasts. These cells differentiate into myofibroblasts, a
specialized cell subtype with contractile action and secretion of ECM
elements, in response to various types of damage, thus representing the
most important cell types involved in the fibrotic process.

Our in vitro studies on cardiac fibroblasts demonstrated the ability of
LAV-BPIFB4 to decrease the protein expression of the main fibrotic
markers, including alpha smooth muscle actin and Collagen I and III,
either during spontaneous or TGF-fl-stimulated fibrogenesis [88].
Simultaneously, in infarcted mice, LAV-BPIFB4 was effective in modu-
lating circulating soluble pro-inflammatory cytokine levels, particularly
soluble ICAM-1 [88].

Taken together, LAV-BPIFB4 may represent a therapeutic option to
protect against adverse fibrotic remodeling in heart tissue via the
modulation of cardiac fibroblast activation (Fig. 5).

6. Conclusion

CMD, caused by functional and structural alterations in the coronary
microvascular tree, shapes the natural history of cardiovascular disease
and aging. Single-cell omics analyses revealed with unprecedented
detail the dynamics of cardiac stromal cells in pathology, showing the
importance of microvascular cells in modulating cardiac inflammation
and fibrosis. Genome-wide association studies on the genetics of
extreme longevity have identified four polymorphic haplotype homo-
zygous genotypes in BPIFB4 that are enriched in centenarians. LAV-
BPIFB4 encodes a secretory protein whose levels are inversely associ-
ated with frailty and extent of coronary atherosclerosis. LAV-BPIFB4
promotes eNOS phosphorylation, NO production, and reparative
angiogenesis, partially impinging on the SDF-1-CXCR4 axis. LAV-
BPIFB4 interacts with nucleolin, promoting the transcription of ribo-
somal genes and releasing proangiogenic molecules, while inhibiting the
release of inflammatory factors. Functionally, LAV-BPIFB4 can be suc-
cessfully used in models of cardiovascular aging and myocardial
ischemia to preserve the microvasculature, promote reparative angio-
genesis, increase myocardial contractility, and reduce cardiac fibrosis.
Therefore, in this review, we provide compelling evidence for the
translational potential of LAV-BPIFB4 in the promotion of cardiovas-
cular health and rejuvenation.

CRediT authorship contribution statement

Matteo Calligaris: Writing — review & editing, Writing — original
draft, Visualization, Conceptualization. Aneta Aleksova: Writing — re-
view & editing. Alessandra Lucia Fluca: Writing — review & editing,
Conceptualization. Milijana Janjusevic: Writing — review & editing.
Giada Carpi: Writing — review & editing. Daniele Stefanizzi: Writing —
review & editing. Sara Carnevali: Writing — review & editing. Fran-
cesco Curcio: Writing — review & editing. Annibale Alessandro Puca:
Writing — review & editing, Conceptualization. Monica Cattaneo:
Writing - review & editing, Writing — original draft, Visualization,
Conceptualization. Antonio Paolo Beltrami: Writing — review & edit-
ing, Writing — original draft, Supervision, Conceptualization.

Vascular Pharmacology 158 (2025) 107470
Declaration of competing interest

Annibale Alessandro Puca has patent pending to Annibale Alessan-
dro Puca. If there are other authors, they declare that they have no
known competing financial interests or personal relationships that could
have appeared to influence the work reported in this paper.

Acknowledgements

The work was funded by the Italian Ministry of Health, Ricerca
Corrente to the IRCCS MultiMedica (A.A.P.).

Data availability
No data was used for the research described in the article.

References

[1] A. Sinha, H. Rahman, D. Perera, Coronary microvascular disease: current concepts
of pathophysiology, diagnosis and management, Cardiovasc. Endocrinol. Metab. 10
(1) (2021) 22-30.

[2] D.J. Duncker, A. Koller, D. Merkus, J.M. Canty Jr., Regulation of coronary blood
flow in health and ischemic heart disease, Prog. Cardiovasc. Dis. 57 (5) (2015)
409-422.

[3] H.R. Reynolds, C.N. Bairey Merz, C. Berry, R. Samuel, J. Saw, N.R. Smilowitz, A. de
Souza, R. Sykes, V.R. Taqueti, J. Wei, Coronary arterial function and disease in
women with no obstructive coronary arteries, Circ. Res. 130 (4) (2022) 529-551.

[4] D.J. Maron, J.S. Hochman, H.R. Reynolds, S. Bangalore, S.M. O’Brien, W.E. Boden,
B.R. Chaitman, R. Senior, J. Lopez-Sendon, K.P. Alexander, R.D. Lopes, L.J. Shaw,
J.S. Berger, J.D. Newman, M.S. Sidhu, S.G. Goodman, W. Ruzyllo, G. Gosselin, A.
P. Maggioni, H.D. White, B. Bhargava, J.K. Min, G.B.J. Mancini, D.S. Berman, M.
H. Picard, R.Y. Kwong, Z.A. Ali, D.B. Mark, J.A. Spertus, M.N. Krishnan,

A. Elghamaz, N. Moorthy, W.A. Hueb, M. Demkow, K. Mavromatis, O. Bockeria,
J. Peteiro, T.D. Miller, H. Szwed, R. Doerr, M. Keltai, J.B. Selvanayagam, P.G. Steg,
C. Held, S. Kohsaka, S. Mavromichalis, R. Kirby, N.O. Jeffries, F.E. Harrell Jr., F.
W. Rockhold, S. Broderick, T.B. Ferguson Jr., D.O. Williams, R.A. Harrington, G.
W. Stone, Y. Rosenberg, L.R. Group, Initial invasive or conservative strategy for
stable coronary disease, N. Engl. J. Med. 382 (15) (2020) 1395-1407.

[5] A. Aleksova, A.L. Fluca, M. Janjusevic, L. Padoan, A. Pierri, V. Chiaradia,

L. Munaretto, E. Merro, G. Barbati, C. Hiche, M. Gabrielli, S. Lovadina, D. Beltrame,
S. D’Errico, J. Saw, E. Fabris, A. Di Lenarda, G. Sinagra, Differences between
MINOCA and type 2 myocardial infarction: an ITALIAN observational study, Int. J.
Cardiol. 420 (2025) 132745.

[6] D. Perera, C. Berry, S.P. Hoole, A. Sinha, H. Rahman, P.D. Morris, R.K. Kharbanda,
R. Petraco, K. Channon, U.K.C.M.D.W. Group, Invasive coronary physiology in
patients with angina and non-obstructive coronary artery disease: a consensus
document from the coronary microvascular dysfunction workstream of the British
Heart Foundation/National Institute for Health Research Partnership, Heart 109
(2) (2022) 88-95.

[7] T.J. Ford, B. Stanley, R. Good, P. Rocchiccioli, M. McEntegart, S. Watkins,

H. Eteiba, A. Shaukat, M. Lindsay, K. Robertson, S. Hood, R. McGeoch, R. McDade,
E. Yii, N. Sidik, P. McCartney, D. Corcoran, D. Collison, C. Rush, A. McConnachie,
R.M. Touyz, K.G. Oldroyd, C. Berry, Stratified medical therapy using invasive
coronary function testing in angina: the CorMicA trial, J. Am. Coll. Cardiol. 72 (23
Pt A) (2018) 2841-2855.

[8] S. AlShaikh, C.L. Rohm, N.R. Sutton, S.N. Burgess, M. Alasnag, INOCA: ischemia in
non-obstructive coronary arteries, Am. Heart J. Plus 42 (2024) 100391.

[9] G. Heusch, Myocardial stunning and hibernation revisited, Nat. Rev. Cardiol. 18
(7) (2021) 522-536.

[10] O. Sorop, D. Merkus, V.J. de Beer, B. Houweling, A. Pistea, E.O. McFalls,

F. Boomsma, H.M. van Beusekom, W.J. van der Giessen, E. VanBavel, D.J. Duncker,
Functional and structural adaptations of coronary microvessels distal to a chronic
coronary artery stenosis, Circ. Res. 102 (7) (2008) 795-803.

[11] H. Hong, S. Aksenov, X. Guan, J.T. Fallon, D. Waters, C. Chen, Remodeling of small
intramyocardial coronary arteries distal to a severe epicardial coronary artery
stenosis, Arterioscler. Thromb. Vasc. Biol. 22 (12) (2002) 2059-2065.

[12] B.R. Weil, G. Suzuki, J.M. Canty Jr., Transmural variation in microvascular
remodeling following percutaneous revascularization of a chronic coronary
stenosis in swine, Am. J. Physiol. Heart Circ. Physiol. 318 (3) (2020) H696-H705.

[13] R.E. Konst, T.J. Guzik, J.C. Kaski, A. Maas, S.E. Elias-Smale, The pathogenic role of
coronary microvascular dysfunction in the setting of other cardiac or systemic
conditions, Cardiovasc. Res. 116 (4) (2020) 817-828.

[14] A. Gulati, T.F. Ismail, A. Ali, L.Y. Hsu, C. Goncalves, N.A. Ismail, K. Krishnathasan,
N. Davendralingam, P. Ferreira, B.P. Halliday, D.A. Jones, R. Wage, S. Newsome,
P. Gatehouse, D. Firmin, A. Jabbour, R.G. Assomull, A. Mathur, D.J. Pennell, A.
E. Arai, S.K. Prasad, Microvascular dysfunction in dilated cardiomyopathy: a
quantitative stress perfusion cardiovascular magnetic resonance study, JACC
Cardiovasc. Imaging 12 (8 Pt 2) (2019) 1699-1708.

[15] R.P. Bogers, W.J. Bemelmans, R.T. Hoogenveen, H.C. Boshuizen, M. Woodward,
P. Knekt, R.M. van Dam, F.B. Hu, T.L. Visscher, A. Menotti, R.J. Thorpe Jr.,

K. Jamrozik, S. Calling, B.H. Strand, M.J. Shipley, B.-C.C. Investigators, Association


http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0005
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0005
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0005
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0010
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0010
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0010
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0015
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0015
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0015
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0020
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0020
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0020
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0020
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0020
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0020
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0020
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0020
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0020
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0020
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0020
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0025
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0025
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0025
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0025
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0025
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0030
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0030
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0030
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0030
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0030
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0030
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0035
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0035
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0035
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0035
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0035
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0035
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0040
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0040
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0045
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0045
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0050
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0050
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0050
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0050
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0055
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0055
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0055
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0060
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0060
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0060
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0065
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0065
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0065
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0070
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0070
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0070
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0070
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0070
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0070
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0075
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0075
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0075

M. Calligaris et al.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

of overweight with increased risk of coronary heart disease partly independent of
blood pressure and cholesterol levels: a meta-analysis of 21 cohort studies
including more than 300 000 persons, Arch. Intern. Med. 167 (16) (2007)
1720-1728.

1. Swiatkiewicz, M. Wroblewski, J. Nuszkiewicz, P. Sutkowy, J. Wroblewska,

A. Wozniak, The role of oxidative stress enhanced by adiposity in cardiometabolic
diseases, Int. J. Mol. Sci. 24 (7) (2023).

N.S. Bajaj, M.T. Osborne, A. Gupta, A. Tavakkoli, P.E. Bravo, T. Vita, C.F. Bibbo,
J. Hainer, S. Dorbala, R. Blankstein, D.L. Bhatt, M.F. Di Carli, V.R. Taqueti,
Coronary microvascular dysfunction and cardiovascular risk in obese patients,

J. Am. Coll. Cardiol. 72 (7) (2018) 707-717.

F. Tona, R. Serra, L. Di Ascenzo, E. Osto, A. Scarda, R. Fabris, R. Montisci,

G. Famoso, S. Tellatin, M. Foletto, A. Giovagnoni, S. Iliceto, R. Vettor, Systemic
inflammation is related to coronary microvascular dysfunction in obese patients
without obstructive coronary disease, Nutr. Metab. Cardiovasc. Dis. 24 (4) (2014)
447-453.

A. Quercioli, Z. Pataky, G. Vincenti, V. Makoundou, V. Di Marzo, F. Montecucco,
S. Carballo, A. Thomas, C. Staub, S. Steffens, Y. Seimbille, A. Golay, O. Ratib,

E. Harsch, F. Mach, T.H. Schindler, Elevated endocannabinoid plasma levels are
associated with coronary circulatory dysfunction in obesity, Eur. Heart J. 32 (11)
(2011) 1369-1378.

T.H. Schindler, J. Cardenas, J.O. Prior, A.D. Facta, M.C. Kreissl, X.L. Zhang,

J. Sayre, M. Dahlbom, J. Licinio, H.R. Schelbert, Relationship between increasing
body weight, insulin resistance, inflammation, adipocytokine leptin, and coronary
circulatory function, J. Am. Coll. Cardiol. 47 (6) (2006) 1188-1195.

S. Landes, H. Aldiwani, L. Thomson, J. Wei, A. Al-Badri, P.K. Mehta, M. Pedram,
M. Motwani, G. Cook-Weins, G. Sopko, C.J. Pepine, C.N.B. Merz, D. Dey,
Pericardial fat volume is related to endothelial-mediated coronary blood flow in
women with suspected coronary microvascular dysfunction. A report from the
Women'’s ischemia syndrome evaluation-coronary vascular dysfunction (WISE-
CVD) study, Am. Heart J. Plus 40 (2024) 100379.

J. Chandrasekhar, R. Mehran, Sex-based differences in acute coronary syndromes:
insights from invasive and noninvasive coronary technologies, JACC Cardiovasc.
Imaging 9 (4) (2016) 451-464.

M.T. Corban, A. Prasad, R. Gulati, L.O. Lerman, A. Lerman, Sex-specific differences
in coronary blood flow and flow velocity reserve in symptomatic patients with non-
obstructive disease, Eurolntervention 16 (13) (2021) 1079-1084.

M.B. Patel, L.P. Bui, R.L. Kirkeeide, K.L. Gould, Imaging microvascular dysfunction
and mechanisms for female-male differences in CAD, JACC Cardiovasc. Imaging 9
(4) (2016) 465-482.

L. Mathews, M. Iantorno, M. Schar, G. Bonanno, G. Gerstenblith, R.G. Weiss, A.
G. Hays, Coronary endothelial function is better in healthy premenopausal women
than in healthy older postmenopausal women and men, PLoS ONE 12 (10) (2017)
e0186448.

Z. Ungvari, S. Tarantini, F. Sorond, B. Merkely, A. Csiszar, Mechanisms of vascular
aging, a geroscience perspective: JACC focus seminar, J. Am. Coll. Cardiol. 75 (8)
(2020) 931-941.

J.U.G. Wagner, L.S. Tombor, P.F. Malacarne, L.M. Kettenhausen, J. Panthel,

H. Kujundzic, N. Manickam, K. Schmitz, M. Cipca, K.A. Stilz, A. Fischer, M. Muhly-
Reinholz, W.T. Abplanalp, D. John, S.K. Mohanta, C. Weber, A.J.R. Habenicht, G.
K. Buchmann, S. Angendohr, E. Amin, K. Scherschel, N. Klocker, M. Kelm,

D. Schuttler, S. Clauss, S. Gunther, T. Boettger, T. Braun, C. Bar, M.D. Pham,

J. Krishnan, S. Hille, O.J. Muller, T. Bozoglu, C. Kupatt, E. Nardini, S. Osmanagic-
Myers, C. Meyer, A.M. Zeiher, R.P. Brandes, G. Luxan, S. Dimmeler, Aging impairs
the neurovascular interface in the heart, Science 381 (6660) (2023) 897-906.

D. Cesselli, A. Aleksova, S. Sponga, C. Cervellin, C. Di Loreto, G. Tell, A.P. Beltrami,
Cardiac cell senescence and redox signaling, Front. Cardiovasc. Med. 4 (2017) 38.
K. Meyer, B. Hodwin, D. Ramanujam, S. Engelhardt, A. Sarikas, Essential role for
premature senescence of Myofibroblasts in myocardial fibrosis, J. Am. Coll.
Cardiol. 67 (17) (2016) 2018-2028.

B.G. Childs, D.J. Baker, T. Wijshake, C.A. Conover, J. Campisi, J.M. van Deursen,
Senescent intimal foam cells are deleterious at all stages of atherosclerosis, Science
354 (6311) (2016) 472-477.

O. Mourad, O. Mastikhina, S. Khan, X. Sun, R. Hatkar, K. Williams, S.S. Nunes,
Antisenescence therapy improves function in a human model of cardiac fibrosis-on-
a-Chip, ACS Mater. Au 3 (4) (2023) 360-370.

T.C. Wong, K. Piehler, C.G. Meier, S.M. Testa, A.M. Klock, A.A. Aneizi,

J. Shakesprere, P. Kellman, S.G. Shroff, D.S. Schwartzman, S.R. Mulukutla, M.

A. Simon, E.B. Schelbert, Association between extracellular matrix expansion
quantified by cardiovascular magnetic resonance and short-term mortality,
Circulation 126 (10) (2012) 1206-1216.

T.A. McDonagh, M. Metra, M. Adamo, R.S. Gardner, A. Baumbach, M. Bohm,

H. Burri, J. Butler, J. Celutkiene, O. Chioncel, J.G.F. Cleland, A.J.S. Coats, M.

G. Crespo-Leiro, D. Farmakis, M. Gilard, S. Heymans, A.W. Hoes, T. Jaarsma, E.
A. Jankowska, M. Lainscak, C.S.P. Lam, A.R. Lyon, J.J.V. McMurray, A. Mebazaa,
R. Mindham, C. Muneretto, M. Francesco Piepoli, S. Price, G.M.C. Rosano,

F. Ruschitzka, A. Kathrine Skibelund, E.S.C.S.D. Group, 2021 ESC guidelines for the
diagnosis and treatment of acute and chronic heart failure, Eur. Heart J. 42 (36)
(2021) 3599-3726.

V.R. Taqueti, S.D. Solomon, A.M. Shah, A.S. Desai, J.D. Groarke, M.T. Osborne,
J. Hainer, C.F. Bibbo, S. Dorbala, R. Blankstein, M.F. Di Carli, Coronary
microvascular dysfunction and future risk of heart failure with preserved ejection
fraction, Eur. Heart J. 39 (10) (2018) 840-849.

S.J. Shah, C.S.P. Lam, S. Svedlund, A. Saraste, C. Hage, R.S. Tan, L. Beussink-
Nelson, U. Ljung Faxen, M.L. Fermer, M.A. Broberg, L.M. Gan, L.H. Lund,
Prevalence and correlates of coronary microvascular dysfunction in heart failure

10

[36]

[37]

[38]

[391]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Vascular Pharmacology 158 (2025) 107470

with preserved ejection fraction: PROMIS-HFpEF, Eur. Heart J. 39 (37) (2018)
3439-3450.

C.J. Rush, C. Berry, K.G. Oldroyd, J.P. Rocchiccioli, M.M. Lindsay, R.M. Touyz, C.
L. Murphy, T.J. Ford, N. Sidik, M.B. McEntegart, N.N. Lang, P.S. Jhund, R.

T. Campbell, J.J.V. McMurray, M.C. Petrie, Prevalence of coronary artery disease
and coronary microvascular dysfunction in patients with heart failure with
preserved ejection fraction, JAMA Cardiol. 6 (10) (2021) 1130-1143.

W.J. Paulus, C. Tschope, A novel paradigm for heart failure with preserved ejection
fraction: comorbidities drive myocardial dysfunction and remodeling through
coronary microvascular endothelial inflammation, J. Am. Coll. Cardiol. 62 (4)
(2013) 263-271.

A. Sinha, H. Rahman, D. Perera, Coronary microvascular dysfunction and heart
failure with preserved ejection fraction: what are the mechanistic links? Curr.
Opin. Cardiol. 38 (6) (2023) 521-526.

M. Litvinukova, C. Talavera-Lopez, H. Maatz, D. Reichart, C.L. Worth, E.

L. Lindberg, M. Kanda, K. Polanski, M. Heinig, M. Lee, E.R. Nadelmann, K. Roberts,
L. Tuck, E.S. Fasouli, D.M. DeLaughter, B. McDonough, H. Wakimoto, J.

M. Gorham, S. Samari, K.T. Mahbubani, K. Saeb-Parsy, G. Patone, J.J. Boyle,

H. Zhang, H. Zhang, A. Viveiros, G.Y. Oudit, O.A. Bayraktar, J.G. Seidman, C.

E. Seidman, M. Noseda, N. Hubner, S.A. Teichmann, Cells of the adult human
heart, Nature 588 (7838) (2020) 466-472.

L. Muhl, G. Genove, S. Leptidis, J. Liu, L. He, G. Mocci, Y. Sun, S. Gustafsson,

B. Buyandelger, 1.V. Chivukula, A. Segerstolpe, E. Raschperger, E.M. Hansson, J.L.
M. Bjorkegren, X.R. Peng, M. Vanlandewijck, U. Lendahl, C. Betsholtz, Single-cell
analysis uncovers fibroblast heterogeneity and criteria for fibroblast and mural cell
identification and discrimination, Nat. Commun. 11 (1) (2020) 3953.

L. Henquell, C.L. Odoroff, C.R. Honig, Intercapillary distance and capillary reserve
in hypertrophied rat hearts beating in situ, Circ. Res. 41 (3) (1977) 400-408.

M. Sezer, N. van Royen, B. Umman, Z. Bugra, H. Bulluck, D.J. Hausenloy,

S. Umman, Coronary microvascular injury in Reperfused acute myocardial
infarction: a view from an integrative perspective, J. Am. Heart Assoc. 7 (21)
(2018) €009949.

T. Annecke, J. Fischer, H. Hartmann, J. Tschoep, M. Rehm, P. Conzen, C.

P. Sommerhoff, B.F. Becker, Shedding of the coronary endothelial glycocalyx:
effects of hypoxia/reoxygenation vs ischaemia/reperfusion, Br. J. Anaesth. 107 (5)
(2011) 679-686.

S.R. Ostrowski, S.H. Pedersen, J.S. Jensen, R. Mogelvang, P.I. Johansson, Acute
myocardial infarction is associated with endothelial glycocalyx and cell damage
and a parallel increase in circulating catecholamines, Crit. Care 17 (1) (2013) R32.
S. Kumphune, P. Seenak, N. Paiyabhrom, W. Songjang, P. Pankhong, N. Jumroon,
S. Thaisakun, N. Phaonakrop, S. Roytrakul, W. Malakul, A. Jiraviriyakul,

N. Nernpermpisooth, Cardiac endothelial ischemia/reperfusion injury-derived
protein damage-associated molecular patterns disrupt the integrity of the
endothelial barrier, Heliyon 10 (2) (2024) e24600.

C.J. Siao, C.U. Lorentz, P. Kermani, T. Marinic, J. Carter, K. McGrath, V.A. Padow,
W. Mark, D.J. Falcone, L. Cohen-Gould, D.C. Parrish, B.A. Habecker, A. Nykjaer, L.
H. Ellenson, L. Tessarollo, B.L. Hempstead, ProNGF, a cytokine induced after
myocardial infarction in humans, targets pericytes to promote microvascular
damage and activation, J. Exp. Med. 209 (12) (2012) 2291-2305.

R.G. Akwii, M.S. Sajib, F.T. Zahra, C.M. Mikelis, Role of Angiopoietin-2 in vascular
physiology and pathophysiology, Cells 8 (5) (2019).

M.G. Del Buono, R.A. Montone, M. Camilli, S. Carbone, J. Narula, C.J. Lavie,

G. Niccoli, F. Crea, Coronary microvascular dysfunction across the Spectrum of
cardiovascular diseases: JACC state-of-the-art review, J. Am. Coll. Cardiol. 78 (13)
(2021) 1352-1371.

J. Agrimi, C. Spalletti, C. Baroni, G. Keceli, G. Zhu, A. Caragnano, M. Matteucci,
S. Chelko, G.A. Ramirez-Correa, D. Bedja, V. Casieri, N. Di Lascio, A. Scalco, A.
P. Beltrami, N. Paolocci, M. Caleo, V. Lionetti, Obese mice exposed to psychosocial
stress display cardiac and hippocampal dysfunction associated with local brain-
derived neurotrophic factor depletion, EBioMedicine 47 (2019) 384-401.

M.D. Semeraro, A.P. Beltrami, F. Kharrat, G. Almer, S. Sedej, W. Renner, H.

J. Gruber, F. Curcio, M. Herrmann, The impact of moderate endurance exercise on
cardiac telomeres and cardiovascular remodeling in obese rats, Front. Cardiovasc.
Med. 9 (2022) 1080077.

M. Cattaneo, A.P. Beltrami, A.C. Thomas, G. Spinetti, V.V. Alvino, E. Avolio,

C. Veneziano, I.G. Rolle, S. Sponga, E. Sangalli, A. Maciag, F. Dal Piaz,

C. Vecchione, A. Alenezi, S. Paisey, A.A. Puca, P. Madeddu, The longevity-
associated BPIFB4 gene supports cardiac function and vascularization in ageing
cardiomyopathy, Cardiovasc. Res. 119 (7) (2023) 1583-1595.

J.D. Roh, N. Houstis, A. Yu, B. Chang, A. Yeri, H. Li, R. Hobson, C. Lerchenmuller,
A. Vujic, V. Chaudhari, F. Damilano, C. Platt, D. Zlotoff, R.T. Lee, R. Shah,

M. Jerosch-Herold, A. Rosenzweig, Exercise training reverses cardiac aging
phenotypes associated with heart failure with preserved ejection fraction in male
mice, Aging Cell 19 (6) (2020) e13159.

K. Rakusan, M.F. Flanagan, T. Geva, J. Southern, R. Van Praagh, Morphometry of
human coronary capillaries during normal growth and the effect of age in left
ventricular pressure-overload hypertrophy, Circulation 86 (1) (1992) 38-46.

S.J. Simmonds, M.O.J. Grootaert, 1. Cuijpers, P. Carai, N. Geuens, M. Herwig,

P. Baatsen, N. Hamdani, A. Luttun, S. Heymans, E.A.V. Jones, Pericyte loss initiates
microvascular dysfunction in the development of diastolic dysfunction, Eur. Heart
J. Open 4 (1) (2024) oead129.

K. Ytrehus, J.S. Hulot, C. Perrino, G.G. Schiattarella, R. Madonna, Perivascular
fibrosis and the microvasculature of the heart. Still hidden secrets of
pathophysiology? Vasc. Pharmacol. 30469-X (17) (2018) S1537-1891, https://doi.
org/10.1016/j.vph.2018.04.007. Epub ahead of print. PMID: 29709645.


http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0075
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0075
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0075
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0075
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0080
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0080
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0080
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0085
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0085
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0085
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0085
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0090
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0090
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0090
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0090
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0090
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0095
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0095
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0095
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0095
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0095
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0100
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0100
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0100
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0100
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0105
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0105
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0105
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0105
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0105
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0105
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0110
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0110
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0110
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0115
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0115
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0115
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0120
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0120
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0120
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0125
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0125
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0125
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0125
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0130
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0130
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0130
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0135
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0135
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0135
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0135
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0135
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0135
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0135
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0135
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0140
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0140
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0145
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0145
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0145
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0150
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0150
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0150
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0155
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0155
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0155
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0160
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0160
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0160
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0160
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0160
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0165
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0165
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0165
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0165
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0165
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0165
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0165
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0165
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0170
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0170
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0170
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0170
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0175
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0175
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0175
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0175
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0175
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0180
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0180
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0180
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0180
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0180
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0185
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0185
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0185
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0185
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0190
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0190
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0190
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0195
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0195
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0195
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0195
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0195
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0195
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0195
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0200
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0200
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0200
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0200
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0200
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0205
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0205
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0210
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0210
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0210
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0210
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0215
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0215
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0215
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0215
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0220
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0220
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0220
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0225
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0225
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0225
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0225
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0225
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0230
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0230
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0230
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0230
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0230
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0235
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0235
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0240
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0240
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0240
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0240
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0245
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0245
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0245
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0245
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0245
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0250
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0250
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0250
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0250
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0255
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0255
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0255
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0255
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0255
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0260
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0260
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0260
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0260
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0260
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0265
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0265
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0265
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0270
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0270
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0270
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0270
https://doi.org/10.1016/j.vph.2018.04.007
https://doi.org/10.1016/j.vph.2018.04.007

M. Calligaris et al.

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]
[67]
[68]

[69]

[70]

[71]

[72]

[73]
[74]

[75]

[76]

R.G. Underly, M. Levy, D.A. Hartmann, R.I. Grant, A.N. Watson, A.Y. Shih,
Pericytes as inducers of rapid, matrix Metalloproteinase-9-dependent capillary
damage during ischemia, J. Neurosci. 37 (1) (2017) 129-140.

F.M. O’Farrell, S. Mastitskaya, M. Hammond-Haley, F. Freitas, W.R. Wah,

D. Attwell, Capillary pericytes mediate coronary no-reflow after myocardial
ischaemia, Elife 6 (2017).

Q. Li, Z. Guo, C. Wu, Y. Tu, Y. Wu, E. Xie, C. Yu, W. Sun, X. Li, J. Zheng, Y. Gao,
Ischemia preconditioning alleviates ischemia/reperfusion injury-induced coronary
no-reflow and contraction of microvascular pericytes in rats, Microvasc. Res. 142
(2022) 104349.

P. Quijada, S. Park, P. Zhao, K.S. Kolluri, D. Wong, K.D. Shih, K. Fang,

A. Pezhouman, L. Wang, A. Daraei, M.D. Tran, E.M. Rathbun, K.N. Burgos Villar,
M.L. Garcia-Hernandez, T.T. Pham, C.J. Lowenstein, M.L. Iruela-Arispe, S.

T. Carmichael, E.M. Small, R. Ardehali, Cardiac pericytes mediate the remodeling
response to myocardial infarction, J. Clin. Invest. 133 (10) (2023).

R. Kramann, R.K. Schneider, D.P. DiRocco, F. Machado, S. Fleig, P.A. Bondzie, J.
M. Henderson, B.L. Ebert, B.D. Humphreys, Perivascular Glil+ progenitors are key
contributors to injury-induced organ fibrosis, Cell Stem Cell 16 (1) (2015) 51-66.
A. Merchant, G. Joseph, Q. Wang, S. Brennan, W. Matsui, Glil regulates the
proliferation and differentiation of HSCs and myeloid progenitors, Blood 115 (12)
(2010) 2391-2396.

P. Pacher, J.S. Beckman, L. Liaudet, Nitric oxide and peroxynitrite in health and
disease, Physiol. Rev. 87 (1) (2007) 315-424.

M. Krol, M. Kepinska, Human nitric oxide synthase-its functions, polymorphisms,
and inhibitors in the context of inflammation, diabetes and cardiovascular diseases,
Int. J. Mol. Sci. 22 (1) (2020).

L.J. Roman, P. Martasek, B.S. Masters, Intrinsic and extrinsic modulation of nitric
oxide synthase activity, Chem. Rev. 102 (4) (2002) 1179-1190.

P.C. Hauger, P.L. Hordijk, Shear stress-induced AMP-activated protein kinase
modulation in endothelial cells: its role in metabolic adaptions and cardiovascular
disease, Int. J. Mol. Sci. 25 (11) (2024).

C. Szabo, Gaseotransmitters: new frontiers for translational science, Sci. Transl.
Med. 2 (59) (2010) 59ps54.

Y.K. Choi, Y.M. Kim, Regulation of endothelial and vascular functions by carbon
monoxide via crosstalk with nitric oxide, Front. Cardiovasc. Med. 8 (2021) 649630.
A. Verma, D.J. Hirsch, C.E. Glatt, G.V. Ronnett, S.H. Snyder, Carbon monoxide: a
putative neural messenger, Science 259 (5093) (1993) 381-384.

P. Geraldes, K. Yagi, Y. Ohshiro, Z. He, Y. Maeno, J. Yamamoto-Hiraoka, C. Rask-
Madsen, S.W. Chung, M.A. Perrella, G.L. King, Selective regulation of heme
oxygenase-1 expression and function by insulin through IRS1/phosphoinositide 3-
kinase/Akt-2 pathway, J. Biol. Chem. 283 (49) (2008) 34327-34336.

C. Cardoso-Pires, H.L.A. Vieira, Carbon monoxide and mitochondria: cell energy
and fate control, Biochim. Biophys. Acta Mol. basis Dis. 1870 (7) (2024) 167446.
S.S. Jung, J.S. Moon, J.F. Xu, E. Ifedigbo, S.W. Ryter, A.M. Choi, K. Nakahira,
Carbon monoxide negatively regulates NLRP3 inflammasome activation in
macrophages, Am. J. Phys. Lung Cell. Mol. Phys. 308 (10) (2015) L1058-L1067.
M.D. Levitt, M.S. Abdel-Rehim, J. Furne, Free and acid-labile hydrogen sulfide
concentrations in mouse tissues: anomalously high free hydrogen sulfide in aortic
tissue, Antioxid. Redox Signal. 15 (2) (2011) 373-378.

V. Ciccone, S. Genah, L. Morbidelli, Endothelium as a source and target of H(2)S to
improve its trophism and function, Antioxidants (Basel) 10 (3) (2021).

W. Zhao, J. Zhang, Y. Lu, R. Wang, The vasorelaxant effect of H(2)S as a novel
endogenous gaseous K(ATP) channel opener, EMBO J. 20 (21) (2001) 6008-6016.
N. Sen, B.D. Paul, M.M. Gadalla, A.K. Mustafa, T. Sen, R. Xu, S. Kim, S.H. Snyder,
Hydrogen sulfide-linked sulfhydration of NF-kappaB mediates its antiapoptotic
actions, Mol. Cell 45 (1) (2012) 13-24.

Y. Zhao, H. Yan, X. Liang, Z. Zhang, X. Wang, N. Shi, W. Bian, Q. Di, H. Huang,
Hydrogen sulfide attenuates lipopolysaccharide-induced inflammation via the P-
glycoprotein and NF-kappaB pathway in astrocytes, Neurochem. Res. 48 (5) (2023)
1424-1437.

11

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

Vascular Pharmacology 158 (2025) 107470

G. Yang, K. Zhao, Y. Ju, S. Mani, Q. Cao, S. Puukila, N. Khaper, L. Wu, R. Wang,
Hydrogen sulfide protects against cellular senescence via S-sulthydration of Keapl
and activation of Nrf2, Antioxid. Redox Signal. 18 (15) (2013) 1906-1919.

G. Cirino, C. Szabo, A. Papapetropoulos, Physiological roles of hydrogen sulfide in
mammalian cells, tissues, and organs, Physiol. Rev. 103 (1) (2023) 31-276.

C.D. Bingle, R.L. Seal, C.J. Craven, Systematic nomenclature for the PLUNC/PSP/
BSP30/SMGB proteins as a subfamily of the BPI fold-containing superfamily,
Biochem. Soc. Trans. 39 (4) (2011) 977-983.

J.B. Andrault, I. Gaillard, D. Giorgi, S. Rouquier, Expansion of the BPI family by
duplication on human chromosome 20: characterization of the RY gene cluster in
20q11.21 encoding olfactory transporters/antimicrobial-like peptides, Genomics
82 (2) (2003) 172-184.

F. Villa, A. Carrizzo, C.C. Spinelli, A. Ferrario, A. Malovini, A. Maciag, A. Damato,
A. Auricchio, G. Spinetti, E. Sangalli, Z. Dang, M. Madonna, M. Ambrosio, L. Sitia,
P. Bigini, G. Cali, S. Schreiber, T. Perls, S. Fucile, F. Mulas, A. Nebel, R. Bellazzi,
P. Madeddu, C. Vecchione, A.A. Puca, Genetic analysis reveals a longevity-
associated protein modulating endothelial function and angiogenesis, Circ. Res.
117 (4) (2015) 333-345.

F. Villa, A. Malovini, A. Carrizzo, C.C. Spinelli, A. Ferrario, A. Maciag,

M. Madonna, R. Bellazzi, L. Milanesi, C. Vecchione, A.A. Puca, Serum BPIFB4 levels
classify health status in long-living individuals, Immun. Ageing 12 (2015) 27.

K. Dong, N. Yao, Y. Pu, X. He, Q. Zhao, Y. Luan, W. Guan, S. Rao, Y. Ma, Genomic
scan reveals loci under altitude adaptation in Tibetan and Dahe pigs, PLoS ONE 9
(10) (2014) e110520.

S. Belay, G. Belay, H. Nigussie, A.M. Ahbara, A. Tijjani, T. Dessie, G.M. Tarekegn,
H. Jian-Lin, S. Mor, H.S. Woldekiros, K. Dobney, O. Lebrasseur, O. Hanotte, J.
M. Mwacharo, Anthropogenic events and responses to environmental stress are
shaping the genomes of Ethiopian indigenous goats, Sci. Rep. 14 (1) (2024) 14908.
C.C. Spinelli, A. Carrizzo, A. Ferrario, F. Villa, A. Damato, M. Ambrosio,

M. Madonna, G. Frati, S. Fucile, M. Sciaccaluga, M. Capunzo, G. Cali, L. Milanesi,
A. Maciag, A.A. Puca, C. Vecchione, LAV-BPIFB4 isoform modulates eNOS
signalling through Ca2-+/PKC-alpha-dependent mechanism, Cardiovasc. Res. 113
(7) (2017) 795-804.

Z. Ungvari, S. Tarantini, T. Kiss, J.D. Wren, C.B. Giles, C.T. Griffin, W.L. Murfee,
P. Pacher, A. Csiszar, Endothelial dysfunction and angiogenesis impairment in the
ageing vasculature, Nat. Rev. Cardiol. 15 (9) (2018) 555-565.

T.T. Perls, J. Wilmoth, R. Levenson, M. Drinkwater, M. Cohen, H. Bogan, E. Joyce,
S. Brewster, L. Kunkel, A. Puca, Life-long sustained mortality advantage of siblings
of centenarians, Proc. Natl. Acad. Sci. USA 99 (12) (2002) 8442-8447.

M. Cattaneo, A. Aleksova, A. Malovini, E. Avolio, A. Thomas, V.V. Alvino,

M. Kilcooley, M. Pieronne-Deperrois, A. Ouvrard-Pascaud, A. Maciag, G. Spinetti,
S. Kussauer, H. Lemcke, A. Skorska, P. Vasudevan, S. Castiglione, A. Raucci,

R. David, V. Richard, A.P. Beltrami, P. Madeddu, A.A. Puca, BPIFB4 and its
longevity-associated haplotype protect from cardiac ischemia in humans and mice,
Cell Death Dis. 14 (8) (2023) 523.

Z. Dang, E. Avolio, A.C. Thomas, A. Faulkner, A.P. Beltrami, C. Cervellin,

A. Carrizzo, A. Maciag, Y. Gu, E. Ciaglia, N. Finato, A. Damato, G. Spinetti,

A. Alenzi, S.J. Paisey, C. Vecchione, A.A. Puca, P. Madeddu, Transfer of a human
gene variant associated with exceptional longevity improves cardiac function in
obese type 2 diabetic mice through induction of the SDF-1/CXCR4 signalling
pathway, Eur. J. Heart Fail. 22 (9) (2020) 1568-1581.

M.M. Tajrishi, R. Tuteja, N. Tuteja, Nucleolin: the most abundant multifunctional
phosphoprotein of nucleolus, Commun. Integr. Biol. 4 (3) (2011) 267-275.

Z. Dai, T. Aoki, Y. Fukumoto, H. Shimokawa, Coronary perivascular fibrosis is
associated with impairment of coronary blood flow in patients with non-ischemic
heart failure, J. Cardiol. 60 (5) (2012) 416-421.

A.K. McDiarmid, P.P. Swoboda, B. Erhayiem, K.A. Bounford, P. Bijsterveld,

K. Tyndall, G.J. Fent, P. Garg, L.E. Dobson, T.A. Musa, J.R.J. Foley, K.K. Witte, M.
T. Kearney, J.P. Greenwood, S. Plein, Myocardial effects of aldosterone antagonism
in heart failure with preserved ejection fraction, J. Am. Heart Assoc. 9 (1) (2020)
e011521.


http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0280
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0280
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0280
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0285
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0285
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0285
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0290
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0290
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0290
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0290
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0295
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0295
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0295
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0295
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0295
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0300
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0300
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0300
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0305
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0305
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0305
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0310
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0310
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0315
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0315
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0315
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0320
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0320
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0325
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0325
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0325
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0330
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0330
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0335
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0335
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0340
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0340
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0345
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0345
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0345
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0345
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0350
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0350
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0355
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0355
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0355
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0360
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0360
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0360
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0365
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0365
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0370
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0370
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0375
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0375
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0375
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0380
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0380
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0380
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0380
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0385
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0385
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0385
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0390
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0390
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0395
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0395
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0395
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0400
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0400
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0400
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0400
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0405
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0405
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0405
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0405
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0405
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0405
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0410
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0410
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0410
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0415
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0415
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0415
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0420
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0420
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0420
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0420
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0425
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0425
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0425
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0425
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0425
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0430
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0430
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0430
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0435
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0435
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0435
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0440
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0440
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0440
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0440
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0440
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0440
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0445
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0445
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0445
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0445
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0445
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0445
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0450
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0450
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0455
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0455
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0455
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0460
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0460
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0460
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0460
http://refhub.elsevier.com/S1537-1891(25)00009-6/rf0460

	Protective role of the longevity-associated BPIFB4 gene on cardiac microvascular cells and cardiac aging
	1 Introduction and aim of the review
	2 Microvascular dysfunction in heart failure
	2.1 Coronary anatomy and pathophysiology
	2.2 Non-obstructive coronary artery disease
	2.3 Coronary microvasculature in cardiovascular disease
	2.4 The cellular components of the microvascular niche cells
	2.5 Coronary microvascular disease pathophysiology

	3 Molecular biology of BPIFB4
	4 Discovery of the longevity associated variant (LAV) of BPIFB4, molecular mechanisms and functional significance
	5 Protective role of LAV-BPIFB4 on the cardiovascular system: from microvascular dysfunctions to heart diseases
	5.1 LAV-BPIFB4 protects the heart from the damaging effects of aging and ischemia by targeting microvascular dysfunctions
	5.2 LAV-BPIFB4 gene therapy in animal models of age-heart diseases exerts preventive and reparative action on cardiac micro ...
	5.3 LAV-BPIFB4 preserves the cardiac function by improving the cardiomyocyte contractility
	5.4 LAV-BPIFB4 gene therapy reduces the extension of perivascular fibrosis by targeting the activation of cardiac fibroblas ...

	6 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


