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Abstract: Ischemic heart disease (IHD) is among the leading causes of death in developed countries.
Its pathological origin is traced back to coronary atherosclerosis, a lipid-driven immuno-inflammatory
disease of the arteries that leads to multifocal plaque development. The primary clinical manifestation
of IHD is acute myocardial infarction (AMI),) whose prognosis is ameliorated with optimal timing
of revascularization. Paradoxically, myocardium re-perfusion can be detrimental because of
ischemia-reperfusion injury (IRI), an oxidative-driven process that damages other organs. Amyloid-3
(Ap) plays a physiological role in the central nervous system (CNS). Alterations in its synthesis,
concentration and clearance have been connected to several pathologies, such as Alzheimer’s
disease (AD) and cerebral amyloid angiopathy (CAA). A3 has been suggested to play a role in the
pathogenesis of IHD and cerebral IRI. The purpose of this review is to summarize what is known
about the pathological role of A in the CNS; starting from this evidence, we will illustrate the role
played by Af in the development of coronary atherosclerosis and its possible implications in the
pathophysiology of IHD and myocardial IRI. Better elucidation of AB’s contribution to the molecular
pathways underlying IHD and IRI could be of great help in developing new therapeutic strategies.

Keywords: amyloid beta; A31-40; ischemic heart disease; myocardial infarction; atherosclerosis;
Alzheimer’s disease; cerebral amyloid angiopathy; ischemia-reperfusion injury; BACEIL;
cardiovascular mortality

1. Introduction

Since 2000, the World Health Organization (WHO) has identified ischemic heart disease (IHD) as
the most prevalent cause of death worldwide [1]. In Italy, despite a decrease in IHD-related mortality
observed from 2004 to 2014, IHD remains one of the leading causes of death [2].

IHD is defined as a condition characterized by the evidence of myocardial necrosis in a clinical
setting consistent with acute myocardial ischemia [3]. In most cases, the pathological basis of IHD
is coronary atherosclerosis, a systemic, lipid-driven immune-inflammatory disease of medium-sized
and large arteries leading to multifocal plaque development [4]. Coronary atherosclerosis has been
a field of intense investigation, and although many risk factors for acute coronary syndrome (ACS)
development have been pointed out [5], identifying healthy individuals who are at high risk for ACS
remains a challenge and hampers the development of targeted prevention strategies [4]. Amyloid-f
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(Ap) has been recently proposed to be involved in the pathogenesis of coronary atherosclerosis [6].
The implication of Af} in the pathophysiology of myocardial ischemia could be of great help in
identifying individuals at higher risk of developing acute myocardial infarction (AMI) with a poor
prognosis, eventually leading to the development of new strategies to reduce the risk of IHD and
to improve the prognosis of infarcted patients. A3 peptides are mostly known for their pathogenic
role in the central nervous system (CNS), leading to Alzheimer’s disease (AD). Interestingly, new
evidence of A3 involvement in cardiovascular diseases has led to the development of a brain-heart
crosstalk hypothesis. Despite it being known that AD and IHD share various risk factors, such as
hypertension, diabetes, dyslipidemia, obesity and cigarette smoking, the exact prevalence of IHD
among patients with AD has not been described, and evidence of a possible common pathogenesis of
these two conditions is still a matter of study [7].

The sustained or permanent occlusion of a coronary artery determines ischemia of the myocardium
supplied by the narrowed vessel [8]. It is accepted that the best therapeutic strategy for AMI is early
reperfusion [9]. However, regardless of the optimal timing of revascularization, the myocardium can
suffer an oxidative-driven process called ischemia-reperfusion injury (IRI). Several emerging therapeutic
strategies for preventing IRI, such as intermittent reperfusion (IPost), remote ischemic post-conditioning
and hyperoxemia-hypothermia, have shown promising experimental results. However, it is not easy
to translate them into daily clinical practice [8].

In the CNS, it has been shown that A3 plays a synergistic role with cerebral ischemia-reperfusion
in exacerbating neuronal damage by inducing glycogen synthase kinase 33 and protein phosphatase
2A activity, resulting in the phosphorylation of T protein [10]. However, the role exerted by Af in
exacerbating cardiac IRI still remains to be elucidated.

The purpose of this review is to summarize what is known about the pathological role of Af3,
specifically focusing on its possible implication in IHD and IRL

2. The Pathogenic Role of A{31-40 in the CNS

Aps are peptides generated by the sequential proteolytic cleavage of the amyloid precursor protein
(APP) through the activity of 3- and y-secretase (Figure 1). In particular, A31-40 and Ap1-42 are the
most relevant from a pathophysiological standpoint [11]. A plays a physiological role in the CNS [12]
and alterations in its synthesis, processing and clearance can lead to different pathologies. Usually, A3
is removed from the CNS by enzymatic degradation (e.g., neprilysin) via the circulatory system or
the glymphatic pathway [13,14]. Af3 crosses the blood-brain barrier (BBB) and enters blood vessels
through specific transporters. Apolipoprotein E (ApoE) binds A3 with different affinity depending on
isoforms and allows the passage of A in the blood through mechanisms mediated by low-density
lipoprotein receptor (LDLR) and LDLR-related protein 1 (LRP1) [15]. Af can also be transported
through the BBB as a free monomer via P-glycoprotein [16] (Figure 1).

The first evidence that Ap could be linked to pathological conditions emerged in Alzheimer’s
disease, where the peptide is known to cause neurotoxicity. When Ap is released in the perivascular
space, it accumulates, causing senile plaques (SPs). Although large insoluble aggregates such as SPs
do not cause memory impairment, A} has been discovered to have a neurotoxic effect when it forms
oligomers [17]. Among the various forms of A3 peptides, the tendency of AP1-42 to aggregate is
five times higher than Af1-40, even though they differ in just two amino acids [18]. Ap1-42 shows
the highest tendency to aggregate due to its 3-sheet conformation, and it is the main constituent
of SPs, in association with the hyper-phosphorylated T protein [19]. AB1-42 and Ap31-40 interact
during SP formation in a vicious circle in which Af1-42 promotes A31-40 aggregation and vice versa,
thus explaining their co-presence in SPs [20].
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Figure 1. Schematic representation of amyloid-f3 (Af3) generation from amyloid precursor protein (APP)

processing by secretases on cell membranes. 3-secretase cuts APP on the (3-site, producing a soluble

fragment (sAPPf); while y-secretase cuts on the y-site, generating an intracellular fragment (AICD)

and AP that is released. A is degraded in the perivascular space by neprilysin, or inside endothelial

cells and neurons. The transporters low-density lipoprotein receptor (LDLR) and LDLR-related

protein 1 (LRP1) (after Ap-apolipoprotein E (ApoE) complex binding) and P-glycoprotein allow Af to

cross the blood-brain barrier to the blood, contributing to the increase of its plasmatic concentration.

The impairment of A clearance causes its aggregation in the perivascular space.

Recent controversial studies on AD patients have shown that A3 peptides can also accumulate
within neurons in different subcellular compartments, such as the endoplasmic reticulum, Golgi
apparatus and endosomes [21]. Consistent with this notion, the enzymatic activity of transmembrane
proteins [3-secretase (BACE1) and y-secretase is enhanced when their active site lays within acid
organelles (i.e., endoplasmic reticulum, Golgi apparatus and endosomes) [22-24]. Furthermore, many
data suggest that the intracellular accumulation of A also plays a pivotal role in the development
of AD [21], with intracellular aggregates associated with cytotoxicity, apoptosis and neuronal cell

death [21,25].
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It has been observed that around 62-92% of AD patients develop cerebral amyloid angiopathy
(CAA) [26]. CAA results from the deposition of A{3 in the cerebral leptomeningeal and parenchymal
arteries and in the arteriolar walls. While white matter lesions and infarcts do not seem to influence
amyloid pathology, some other pieces of evidence suggest that increased vascular risk is related to
increased amyloid burden [27]. Furthermore, while vascular brain injuries and amyloid have an
additive and independent impact on brain integrity, vascular risk factors might potentiate amyloid
impact on the cortical thickness in brain regions vulnerable to AD [28,29].

While AB1-42 plays a crucial role in SP formation, Ap1-40 seems to be the most responsible
peptide in CAA. This difference may reflect a diverse A subtype source, with A31-42 deriving from
neurons and astrocytes and Ap1-40 having a vascular origin [30]. In vessels affected by CAA, local
muscle and elastic elements are lost and replaced by amyloid fibrils, thereby weakening the vessel’s
overall structure. Consequently, CAA predisposes to cerebral infarction and cerebral hemorrhage.
However, the clinical effects of CAA in AD are mostly silent or “masked” by the higher degree of
neuronal dysfunction. As mentioned above, ApoE plays an important role in A3 metabolism, which is
supposed to be dysregulated in carriers of ApoE &4 polymorphism, known to be at increased risk of
developing AD. Interestingly, VEGF has been shown to play a neuroprotective role in ApoE ¢4 mice.
This effect may be due to VEGF-mediated angiogenesis, which prevents ischemia and downstream
neurodegeneration [31].

Nonetheless, significant cerebral infarctions with focal neurological deficits can occur in some
AD patients, and CAA is a significant cause of fatal intracerebral (lobar) hemorrhage. CAA may also
contribute to white matter lesions (myelin loss) in AD by inducing ischemia through auto-regulatory
dysfunction, which in turn creates an inflammatory status, inducing hyper-phosphorylation of t
proteins. These reactions cause neurofibrillary degeneration, with the consequent deposition of SPs.
Although the A protein deposited within blood vessels of patients with AD is similar in chemical
composition to that deposited in the brain parenchyma in SPs, there is no clear relationship between
CAA and AD. When CAA is high, SP formation may be lower and vice versa [29].

In subjects with CAA, A3 increases oxidative stress, which causes endothelial cell apoptosis
with consequent damage to the BBB [32]. It has also been seen that Af31-40 promotes inflammation
in vitro [33] and in vivo [34], stimulating the production of pro-inflammatory cytokines, increasing the
permeability of the endothelium and the expression of adhesion molecules. A small number of specific
inherited forms of CAA with cerebral hemorrhage are associated with autosomal dominant mutations
in APP and other genes (cystatin-C, transthyretin, gelsolin, ABrit and ADan). In most AD cases, CAA
does not associate clearly with any genetic risk factor other than the APO E beta4 allele, which appears
to increase the severity of CAA in a dose-dependent manner, especially within the occipital cortex.
Genotype/phenotype correlations may explain CAA development in AD and other disorders [30].

In addition to its direct cytotoxicity, Af is also associated with micro-thrombotic events. Fibrillary
aggregates of A3 activate platelets through a mechanism similar to the one mediated by collagen and
glycoprotein VI following endothelial injury. In particular, A31-40 has a more pronounced ability to
induce platelet aggregation than Af31-42 [35]. A activation of platelets promotes micro-thrombotic
events, reducing blood flow and causing cerebral ischemia, thereby leading to CAA [36,37]. In
the APP23 transgenic mouse model, which is well-known for developing A3 deposits in the brain
parenchyma and cerebral vessels, platelets are persistently in a pre-activated state associated with an
increased risk of thrombus formation. Of note, these mice were found to develop cerebrovascular
and cardiac complications [38]. Other studies found that A3 and APP have an essential role in the
interaction between platelets and collagen in arteries. Therefore, APP is directly involved in arterial
thrombus formation [39].
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3. Pathogenic Role of A{31-40 in Atherosclerosis

The production of APP and A have been documented in many tissues other than the CNS,
such as muscle, skin, adipose tissue, intestine [40], endothelium and heart [38,41], and it seems
that the abundance of circulating A could be linked to pathologies other than AD, such as
atherosclerosis [6]. On the other hand, although APP expression is well-documented in endothelial
cells and cardiomyocytes, its physiological and pathological role in the cardiovascular system is poorly
understood [42]. Nonetheless, APP might participate in atheroma formation and thrombosis—two
pivotal mechanisms in the pathophysiology of IHD.

Endothelial cells are sensitive to biochemical, inflammatory physical stimuli allowing for the
autoregulation of blood vessels in the case of blood flow variations [43]. These elegant mechanisms
can be perturbed by external factors, leading to the development of atherosclerosis [44]. In particular,
blood flow variations induce hypoxia inducible factor-1a (HIF-1x), which increases endothelial cell
permeability and promotes lipids accumulation within the tunica intima of vessels—a mechanism
that might play a key role in the initiation of arteriosclerotic plaque formation [45]. Besides,
oscillatory shear stress increases the activity of transcription factors such as HIF-1«, nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-«kB), GATA-1, GATA-4 as well as cytokines (e.g.,
tumor necrosis factor- «, TNF-«), all of which regulate BACE1 transcription [46-52].

Atherosclerotic plaque formation can be described as a four-stage process: initiation, promotion,
progression and degeneration. Af3 is implied not only in the initiation of plaque formation but also
in other plaque development steps. It has been demonstrated that A31-40 favors the deposition and
oxidation of lipids in vessels, stimulating arteriosclerosis initiation [53]. ApoE and, in particular,
its isoform ApoE4, which is implied in atherosclerotic plaque formation, has a lower affinity to A3
than other isoforms, thus causing a reduction in A3 clearance via LDLR and LRP1, thus promoting
its accumulation in atherosclerotic plaques [54] (Figure 2A). Macrophages, which are pivotal in
the so-called “promotion phase,” phagocytize APP, which is then processed by BACE], increasing
both local and circulating levels of A as well as stimulating the production of nitric oxide and
metalloproteases [55,56]. The presence of Af3 in atherosclerotic plaques is also enhanced by the hypoxic
environment, which promotes the stabilization of HIF-1«, which in turn increases the processing of A
in endothelial cells and macrophages by binding the hypoxia-responsive element (HRE) on the BACE1
gene promoter [57]. As previously mentioned, A favors platelet aggregation and degranulation,
providing a further boost to plaque progression [10,36] (Figure 2B). The result is the formation of
atheroma in coronary arteries that narrows the lumen and reduces the oxygen and blood supply to the
downstream tissue, which becomes ischemic [57] (Figure 2C). Ischemia leads to endothelial cell death,
plaque degeneration and rupture, thrombus formation and consequent collagen exposure. Moreover,
ischemia promotes the formation of neutrophil extracellular traps (NETs). All these events can also
lead to the release of intracellular A31-40, which can be rapidly immobilized onto the exposed collagen
and NETs, causing extracellular amyloid deposits [35,58,59] (Figure 2D).
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Figure 2. (a) Schematic representation of A contribution to atherosclerotic plaque formation. Flow
variations cause endothelial cell dysfunction and induce HIF-1«, TNF-o, NF-kB, GATA-1 and GATA-4,
causing the increase of APP processing and A3 production in endothelial cells. Af also promotes
the activation of endothelial cells, which increase LDLR and LRP1 on the cell membrane. As a result,
there is an accumulation of lipids in the tunica intima of blood vessels; (b) during the promotion phase,
macrophages phagocytize APP, which is then processed by BACE], increasing local and circulating A3
concentration and stimulating the production of nitric oxide and metalloproteases. The presence of A3
in atherosclerotic plaques is also explained by its production in both endothelial cells and platelets; (c)
the hypoxic condition leads to HIF-1« binding HRE on the BACE1 promoter, in both endothelial cells
and macrophages, increasing A3 production and formation of the atheroma; (d) in the degeneration
phase, matrix metalloproteases and apoptosis destabilize atherosclerotic plaque, causing cell death and
the exposition of collagen, neutrophil extracellular traps (NETs) and membranes on which A3 can be
immobilized, causing extracellular amyloid deposits.

4. Suggesting a Pathologic Role for A31-40 in IHD

6 of 15

Recent studies have recognized the intracellular accumulation of Ap1-40 in endothelial cells and
cardiomyocytes as a direct cause of cytotoxicity [41], similar to what has been observed in neurons of
patients affected by CAA [32-34]. Endothelial cells and cardiomyocytes exposed to Af31-40 manifest
changes in their transcriptional profile, particularly of genes related to the ubiquitin-proteasome
system, apoptosis, DNA damage and inflammation [41,47,60]. The molecular mechanisms underlying
deregulation of BACE1 expression and activity, which leads to the accumulation of AB1-40 in
cardiomyocytes and endothelial cells, are not yet understood [41]. It seems that all the established
cardiovascular risk factors are associated with overexpression of BACE1 and over-production of A(31-40
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that, in elderly individuals, is not counteracted by proteasome action due to the age-related lower
efficiency of the system [47-49,61-65]. Moreover, the intracellular accumulation of A31-40, particularly
in the lumen of the endoplasmic reticulum (ER), worsens endothelial cell dysfunction, leading to the
recruitment of monocytes and the accumulation of lipids.

As previously described, A aggregates at the extracellular level in CAA. To date, there is no
evidence of extracellular A} aggregates in coronary arteries; however, it cannot be excluded that this
mechanism also contributes to the development of the disease. The intracellular A{31-40, released
following endothelial cell death, could be rapidly immobilized onto the exposed collagen and NETs,
causing extracellular amyloid deposits [58,59,66]. In turn, extracellular amyloid deposits could worsen
inflammation and endothelial damage and increase clot formation, thus leading to myocardial hypoxia
and dysfunction. In this scenario, the prolonged ischemic state could lead to the development of IHD
independent of coronary atherosclerosis (Figure 3).
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Figure 3. AP1-40 cytotoxicity and its possible involvement in the onset of atherosclerotic plaque.
ApB1-40 intracellular accumulation causes changes in the endothelial cells transcriptional profile, with
a marked expression of genes related to ubiquitin proteasome system, apoptosis, DNA damage and
inflammation. Cell death leads to the release of AB1-40, which can be rapidly immobilized onto the
exposed collagen and NETs, causing extracellular amyloid deposits. Consequently, inflammation,
endothelial damage and clot formation increase, leading to myocardial hypoxia, dysfunction and finally
to the development of IHD, independent from coronary atherosclerosis.
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5. Suggesting a Pathologic Role for AB1-40 in IRI

Paradoxically, blood flow restoration after an ischemic event can worsen cellular dysfunction and
a wide range of tissue damage; this condition is known as ischemia-reperfusion injury (IRI). IRl is a
complex multifactorial process that may affect not only the ischemic organ, but also distant ones [67].
Because of the adverse effects of ischemia-reperfusion, it is of great interest to elucidate its molecular
players: in this context, as described below, A3 emerges as a new factor.

Restoration of normal pO; after reperfusion is associated with an increase in reactive oxygen species
(ROS) and reactive nitrogen species (RNS), lipid peroxidation, enhanced expression of adhesion proteins,
mitochondrial and intracytoplasmic Ca?t accumulation, endothelial cell dysfunction, thrombosis,
inflammation, reduction of nitric oxide (NO) and eventually cell death [68-70]. Moreover, reperfusion
is associated with the increased production of some key transcription factors, including AP-1 [71],
HIF-1« [72] and NF-«B [50]. All these transcription factors are related to APP processing and Af
production [73], leading to an increase of A{31-40 concentration in the extra and intracellular spaces [74].
Furthermore, ischemia-reperfusion induces a systemic release of several cytokines (e.g., TNF-c,
IL-1, IL-6, IL-8 and platelet-activating factor (PAF)) [75], causing the development of a systemic
inflammatory state. Consequently, this inflammation favors an increase of APP expression and leads
to increased AP production and a reduced A3 uptake/degradation [76]. It has also been observed that,
following reperfusion, the increased intracellular concentration of Ca?* can stimulate the deposition
of cytoplasmic A3, which alters cellular integrity and leads to apoptosis through the formation of
nonspecific pores in the plasma membrane [77]. These data indicate that AMI and reperfusion are
involved in inflammatory, apoptosis and oxidative processes [78-80] (Figure 4).

Recent preclinical studies in CNS have confirmed the increased expression of proprotein convertase
subtilisin/kexin type 9 (PCSK9) in endothelium after AMI and during acute myocardial reperfusion.
It has also been demonstrated that PCSK9 expression is directly related to A3 neural aggregation [81-83].
Some studies have also suggested that PCSK9 might increase A3 deposition, degrading brain endothelial
LRP1 with a consequent reduction in A3 clearance [84,85]. In cardiac IRI, the effects of A31-40 and
roles of PCSKO are still unknown; however, observations in the CNS might give fascinating insight to
provide a better understanding IRI pathogenesis in the heart.

In the myocardium, after reperfusion of ischemic areas, the exposition of adhesion proteins,
collagen, glycoprotein VI, NETs, ApoE and cell membranes is detectable because of cell death.
The consequent release of intracellular A31-40 leads to an increase in its plasmatic levels. As a result,
amyloid deposits can form extracellularly, where they can activate and enhance platelet aggregation
and degranulation, stimulating the formation of new atherosclerotic plaques or causing direct damage
because of cytotoxicity [8,58,59,66,86] (Figure 4).
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Figure 4. Schematic representation of AB-IRI relation. After reperfusion inflammation, pO, changes
and endothelial cell dysfunction create optimal conditions for A to re-initiate the atherosclerotic
plaques. Because of Af’s cytotoxic and pro-inflammatory effects, it could be hypothesized that it is
involved in IRI as well.

6. Conclusions and Future Directions

In addition to well-documented evidence of A3 correlations with CNS pathologies, there is a
growing amount of data on an association of AB with the pathophysiology of IHD, AMI and IRI.
Although not yet clinically validated, recent data suggest that higher plasmatic levels of A31-40 could
be considered a predictor for the development of IHD and a marker of poorer outcomes. On this basis,
A[R1-40 could emerge as a new strategy to reduce the risk of IHD and improve its prognosis after AMIL
Furthermore, balancing APP/Af3 synthesis, clearance and aggregation or reducing its cytotoxic and
pro-inflammatory effects could have protective effects not only on the brain but also on the heart and
vessels. In this view, A(31-40 could be considered a target for therapeutic approaches. Many attempts
have been made to reduce or control Af31-40 levels, including lifestyle modification, use of statins,
antihypertensive drugs and antithrombotic agents. However, none of them have demonstrated a clear
effect in reducing A{31-40 concentration [87].

In search of a better clinical translation, some pharmacologic agents have also been proposed that
could be useful in reducing ischemia-reperfusion injury. The most promising are cyclosporin A and
exenatide, which preserve mitochondrial function and modulate the reperfusion injury salvage kinase
pro-survival pathway, respectively [8]. Recently, because of the emerging evidence of Ap1-40 effects in
cerebral IRI after AMI, PCSK9i, humanin and gastrodin have been proposed as potential molecules to
reduce Af-related adverse effects [88,89]. Better elucidation of the molecular pathways underlying
ischemia-reperfusion injury could be of great help in developing new therapeutic strategies. However,
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despite the considerable amount of preclinical research, a relatively small number of compounds have
reached clinical trial testing.

In conclusion, besides the known pathogenic role of Af in CNS, there are several pieces of
molecular evidence supporting the role of AB both in the development of IHD and in the clinical
course after AMI. However, AB’s connection with cardiac IRI needs to be further investigated.
More data is needed to better understand the connection between plasmatic Af3 levels and their
pathological implication, in order to use that knowledge in clinical trials and in the development of
novel therapeutic strategies.

Author Contributions: Conceptualization, A.A.; writing—original draft preparation, G.G., A.L.F, EF,, APB,,
MJ]., G.S.,, M.R. and A.A,; writing—review and editing, G.G., AL.F, EE, APB, M]J, GS, RM. and A.A. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ACS Acute coronary syndrome

AD Alzheimer’s disease

AMI Acute myocardial infarct

ApoE Apolipoprotein E

APP Amyloid protein precursor

AB Amyloid-

BACE1 Beta-site amyloid precursor protein cleaving enzyme 1
BBB Blood-brain barrier

CAA Cerebral amyloid angiopathy

CNS Central nervous system

ER Endoplasmic reticulum

HIF-1x Hypoxia induced factor—1«

HRE Hypoxia-responsive element

IHD Ischemic heart disease

IRI Ischemia-reperfusion injury

LDLR Low-density lipoprotein receptor

LRP1 LDLR-related protein 1

NETs Neutrophil extracellular traps

NF-xB Nuclear factor kappa-light-chain-enhancer of activated B cells
PAF Platelet-activating factor

PCSK9 Proprotein convertase subtilisin/Kexin type 9
SPs Senile plaques

TNF-« Tumor necrosis factor- «

WHO World Health Organization

sAPPf Soluble amyloid precursor protein (3

AICD Amyloid-precursor protein intracellular domain
P-gly P-glycoprotein

GATA-1 GATA binding factor 1

GATA-4 GATA binding factor 4

ROS Reactive oxygen species

POz Partial O, pressure

ER Stress Endoplasmic reticulum stress

RNS Reactive nitric species

IL-1, IL-6, IL-8 Interleukin

PAF Platelet-activating factor

AP-1 Activator protein
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