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SUMMARY

Ischemic heart disease is the greatest health burden and most
frequent cause of death worldwide. Myocardial ischemia/reperfu-
sion is the pathophysiological substrate of ischemic heart disease.
Improvements in prevention and treatment of ischemic heart dis-
ease have reducedmortality in developed countries over the last de-
cades, but further progress is now stagnant, and morbidity andmor-
tality from ischemic heart disease in developing countries are
increasing. Significant problems remain to be resolved and require
a better pathophysiological understanding. The present review at-
tempts to briefly summarize the state of the art in myocardial
ischemia/reperfusion research, with a view on both its coronary
vascular and myocardial aspects, and to define the cutting edges
where further mechanistic knowledge is needed to facilitate transla-
tion to clinical practice.
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BACKGROUND AND RATIONALE

Myocardial ischemia/reperfusion is the pathophysiological substrate of ischemic

heart disease (IHD). There has been enormous progress in the prevention, diagnosis,

and treatment of IHD in the last decades. Better prevention by reduced smoking,

increased statin use, and better blood pressure control has reduced the mortality

from IHD. However, this progress is now stagnant, and IHD still ranks #1 worldwide

in causes for global deaths.1 The profile of risk factors that facilitate the pathogenesis

of myocardial ischemia is shifting. There is a temporal trend with a reduction in smok-

ing and cholesterol but an increase in obesity and diabetes; reductions in smoking

and cholesterol are less in women than in men, and the prevalence of obesity in-

creases more in women than in men.2

Chronic coronary syndromes are a relatively benign manifestation of IHD. However,

after decades of increasing use of percutaneous coronary interventions (PCIs),

including angioplasty and stenting, we are back to square one, and the jury is still

out on whether PCI or conservative therapy is preferable, as PCI—except for left

main stem coronary stenosis, which threatens the perfusion of the entire left

ventricle—does not improve prognosis3,4 and does not relieve symptoms in 20%–

40% cases.5 The absence of manifest epicardial atherosclerosis in many patients

with angina points toward a significant role for coronary microvascular dysfunction

in IHD.6 On the other hand, angina is a frequent symptom in the general population

and only loosely associates with obstructive and non-obstructive coronary athero-

sclerosis.7 In women, the manifestation of myocardial ischemia is less frequently

characterized by typical angina but is more often characterized by diffuse discomfort

extending into the abdomen, neck, shoulder, and head8,9; this difference in
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manifestation of myocardial ischemia may relate to different mechanisms of pain

perception.10

The clinical manifestation of acute myocardial infarction (AMI) is changing, with a

decrease in ST segment elevation and an increase in non-ST segment elevation myocar-

dial infarction (STEMI vs. NSTEMI)11—suggesting a change in underlying pathophysi-

ology.12 Mortality from AMI has decreased substantially in the last decades as a result

of the success and increased availability of rapid reperfusion by PCI, but 1-year mortality

is still between 15% and 21% in large European registries, and there is currently no

further decrease in mortality in a population of increasing age.13,14 Hospitalization for

heart failure in survivors of AMI is at 20%–30% at 1 year after hospital discharge.15 In

developing countries, access to PCI is limited, making mortality from AMI worse and

even increasing.16 Even in developed countries, mortality fromAMI is higher and access

to PCI is limited in low-income vs. high-income patients.17 Whereas premenopausal

women appear to be protected against myocardial infarction and women suffer from

myocardial infarction at older age than men,8,9 women experience significant delays

in diagnosis and treatment.18 Obviously, there is a need for further cardioprotection

beyond that provided by rapid reperfusion.19 Furthermore, the processes of healing,20

repair,21–24 and remodeling25 following myocardial infarction need more attention.

There has been enormous progress in the pathophysiological understanding of IHD,

but the translation of preclinical research to clinical benefits for patients has been

difficult.26–29 Therefore, the present article attempts to review and update26 the

state of the art in myocardial ischemia/reperfusion pathophysiology and to identify

topics in need of greater translational efforts.
THE CORONARY CIRCULATION AS THE CULPRIT OF IHD

IHD is a result of coronary atherosclerosis30 and is a manifestation of reduced coro-

nary blood flow.31 Coronary atherosclerosis affects the entire coronary vascular tree,

not only the angiographically visible epicardial coronary arteries but also the coro-

narymicrocirculation,6 and it involves the entire vascular wall, including the endothe-

lium, smooth muscle cells, and adventitial tissue. Atherosclerosis is a chronic sys-

temic vascular disease that develops in response to injurious stimuli, notably

hypercholesterolemia and hypertension, which are driven by genetic factors. The

disease progresses from endothelial dysfunction to lipid deposition, inflammatory

reaction, fibrosis, and calcification of the inner and mid-vascular walls and progres-

sively obstructs the luminal diameter; the lesion can also break up acutely with pla-

que rupture or erosion.30 The coronary circulation is a predilection site for athero-

sclerosis, most probably because of enhanced shear stress from pulsatile coronary

blood flow.32,33 Recent studies, mostly in murine aortae but also in human coronary

arteries, have identified afferent and efferent nerves and a neuro-immune interface

in the adventitia overlying the plaque, that contribute to atherosclerosis progression

but may also contribute to acute events and pain sensation.34
Stable plaque: Not so stable?

Traditionally, the coronary circulation has been considered a passive conduit, and active

vasomotion was neglected. An angiographically visible epicardial coronary obstruction

was considered fixed and the poststenotic coronary vascular bed maximally dilated in

compensation for the stenosis. In fact, however, active coronary vasoconstriction plays

a major role in the initiation and aggravation of myocardial ischemia. Severe focal vaso-

constriction in the absence of visible epicardial coronary obstruction can occur in epicar-

dial and coronary microvascular segments and precipitate myocardial ischemia; such
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exaggerated focal coronary vasoconstriction is often elicited by acetylcholine for diag-

nostic purposes in humans with angina in the absence of epicardial coronary obstruc-

tion.35 With an increasing atherosclerotic obstruction of the epicardial coronary lumen,

the poststenotic coronary dilator reserve is progressively recruited by autoregulation to

compensate for the stenosis and maintain coronary blood flow. At a poststenotic coro-

nary perfusion pressure of 40–50mmHg indogs, autoregulation is eventually exhausted,

and coronary blood flow is decreased.36 In patients, assessment of coronary dilator

reserve, as elicited by adenosine, provides better information on the functional severity

of a coronary stenosis than luminal obstruction.37 The stenotic segment itself can retain

contractile smooth muscle cells, and further active narrowing of the stenotic segment

can be provoked by exercise.38 In pigs, in the presence of epicardial coronary obstruc-

tion, the poststenotic circulation remodels with atrophy of larger (diameter > 75 mm) and

hypertrophy of smaller (diameter < 75 mm) vessels,39,40 and the microcirculation has

enhanced vasoconstrictor responses to endothelin.40 a-Adrenergic coronary vasocon-

striction by sympathetic activation during stress, exercise, excitement, and pain is of ma-

jor importance in reducing coronary blood flow and precipitating myocardial ischemia

distal to an otherwise compensated epicardial coronary obstruction, as initially demon-

strated in dogs41,42 and subsequently in patients with coronary atherosclerosis.43,44 The

ischemic coronary microcirculation is not only subject to passive extravascular compres-

sion by the contracting ventricle but has significant active vasoconstrictor tone, which in

dogs can be attenuated by vasodilator agents such that coronary blood flow and conse-

quently contractile function are improved.45,46 The structural remodeling of the coronary

microcirculation and the activemicrovascular constriction distal to a severe coronary ste-

nosis probably contribute to the persistence of angina and lack of improvedprognosis3,4

after interventional vs. conservative treatment. As such, the individual choice of treat-

ment must take the frequency and severity of symptoms, coronary anatomy, left ventric-

ular function, and comorbidities into account. Whether or not interventional revascular-

ization provides a symptomatic benefit (exercise duration, angina frequency) may

depend on the presence47 or absence48 of optimal medical therapy.

Unstable plaque: Rupture vs. erosion

Apart from low-density lipoprotein (LDL) deposition and oxidation in the intima,

endothelial activation and recruitment of leukocytes to the endothelium is an early

event in atherosclerosis, and inflammatory processes are key to the further progress

of plaque development and instability.30 A fully developed plaque becomes vulner-

able to rupture when inflammation induces thinning of the fibrous cap over the

necrotic lipid core by decreasing collagen synthesis and increasing its degradation.

When the plaque eventually ruptures upon hemodynamic stress, the plaque debris is

exposed to the blood and induces immediate thrombosis, which, together with the

released particulate plaque material, causes complete obstruction of the epicardial

coronary artery and subsequent transmural AMI presenting as STEMI.49 More

recently, however, there has been a temporal shift in the presentation of acute cor-

onary syndromes from such typical plaque rupture to plaque erosion where a leak in

the endothelial lining, neutrophil activation, and the formation of neutrophil extra-

cellular traps (NETs) induce further inflammation and thrombosis.50–52 Plaque

rupture and plaque erosion can be distinguished by intravascular imaging. Notably,

optical coherence tomography (OCT) in patients with acute coronary syndromes has

revealed that those with plaque erosion have a lower systemic inflammatory

response and better clinical outcome.30,53,54 The temporal shift from plaque rupture

to plaque erosion is related to more widespread use of intense lipid lowering by sta-

tins and goes along with a shift from STEMI to NSTEMI presentation.53,55 This sug-

gests a role for embolization of plaque debris and thrombotic material into the

microcirculation as an underlying mechanism of NSTEMI.12 In fact, coronary
12 Med 5, 10–31, January 12, 2024
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microembolization is also associated with the release of vasoconstrictor, pro-throm-

botic, and pro-inflammatory soluble factors into the coronary microcirculation.56

Coronary microembolization is also a typical complication of PCI, notably in saphe-

nous vein grafts.12 The key role of inflammation in coronary atherosclerosis and its

sequelae was evidenced by the reduction of cardiovascular mortality andmyocardial

infarction by treatment with a monoclonal antibody against interleukin-1b in patients

with prior myocardial infarction and elevated C-reactive protein.57

Underestimated: Ischemia/myocardial infarction with non-obstructive

coronary arteries

As compared to an angiographically visible epicardial coronary obstruction, active

coronary vasomotion has long been neglected. However, there is now an increasing

awareness that myocardial ischemia and even myocardial infarction can occur in the

absence of major epicardial coronary obstruction (<50% diameter reduction), i.e., an

obstruction that poses no indication for PCI.58 In fact, angina may occur in up to 50%

patients without obstructive coronary disease.59 Ischemia with non-obstructive cor-

onary arteries (INOCA) is more frequent in women than in men. These patients have

invariably some atherosclerosis on intravascular imaging and a decrease in coronary

reserve. Endothelial dysfunction is an early and generalized manifestation of coro-

nary atherosclerosis that results in attenuated vasodilator and enhanced vasocon-

strictor responses. Enhanced vasoconstrictor responses can be more generalized

or more focal, and they can occur in the epicardial coronary artery and the microcir-

culation. Coronary spasm involves both endothelial dysfunction and local vascular

smooth muscle hyper-responsiveness and adventitial tissue inflammation.60 The

decrease in coronary reserve in the absence of significant epicardial coronary

obstruction suggests coronary microvascular dysfunction. Coronary microvascular

dysfunction has been suggested as a common ground for INOCA and heart failure

with preserved ejection fraction,59,61 and coronary microvascular dysfunction may

also underlie takotsubo cardiomyopathy.62 Myocardial infarction with NOCAs

(MINOCA) accounts for 6%–15% all AMI, is also more frequent in women than in

men, and is characterized by less pronounced hyperlipidemia than classical

AMI.63,64 Plaque rupture but also spasm, dissection, embolization, and—again—

microvascular dysfunction can cause MINOCA, and its diagnosis is particularly chal-

lenging. Using multi-modal imaging, causes for MINOCA can be identified in >80%

patients and are 75% ischemic in nature.63

THE MYOCARDIUM AS THE TARGET OF ISCHEMIA/REPERFUSION

Sequence of metabolic and functional events: Rapid ischemic dysfunction

Upon a sudden coronary occlusion and lack of further delivery of arterial blood to

the myocardium, the remaining hemoglobin-bound O2 and the cardiomyocyte

myoglobin-bound O2 suffice only for a few cardiac cycles/seconds before mitochon-

drial respiration and oxidative phosphorylation cease. The available energy-rich

phosphate stores and the free energy change of ATP hydrolysis, which is used to

drive the energy-consuming processes of ionic pumps and contractile function,

quickly decrease.31,42 Phosphorus nuclear magnetic resonance (P-NMR) spectros-

copy can reflect such changes in energy-rich phosphates.65,66,67 Lactate production

indicating anaerobic glycolysis develops quickly, but its assessment requires sophis-

ticated techniques before it eventually becomes manifest in the coronary sinus

blood.68

Contractile function decreases within a few cardiac cycles, i.e., within 10 s following

abrupt coronary artery occlusion.69 In dogs with exercise-induced myocardial

ischemia, reduced regional contractile function precedes ST segment elevation in
Med 5, 10–31, January 12, 2024 13
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the local electrocardiogram (ECG), reflecting the higher energy required for contrac-

tile function than for ionic homeostasis and indicating that regional dysfunction may

be a more sensitive sign of ischemia than ECG changes.70 Within 2–5 min, a steady

state develops, and contractile function is decreased to a level that the available re-

maining myocardial blood to flow through collaterals from adjacent non-ischemic

myocardium permits.31 During partial coronary occlusion (stenosis), baseline con-

tractile function of the dependent myocardium is maintained as long as autoregula-

tion can compensate for the stenosis and maintain coronary blood flow by a vasodi-

lation of the coronary microcirculation. Such autoregulation operates down to a

perfusion pressure of 40–50 mmHg; with further decrease in perfusion pressure, cor-

onary blood flow decreases in linear proportion to perfusion pressure. Contractile

function then decreases in linear proportion to coronary blood flow when both are

normalized to their baseline values. Such perfusion-contraction matching71 also

holds with exercise, when heart rate and blood pressure are markedly increased,

in that contractile function and coronary blood flow for each cardiac cycle remain

matched.31 The alterations in blood flow, contractile function, and electrical function

remain reversible for 20–40 min after complete coronary occlusion, depending on

the available collateral blood flow and the hemodynamic situation; eventual full re-

covery ensues but can be prolonged for contractile function (stunning).72,73 With

partial coronary obstruction, a reduction of coronary blood flow by 50% can be sus-

tained for 5 h, with perfusion-contraction matching at a reduced level but without

overt necrosis.74 It is currently not clear whether the observed minor increases in

troponin in otherwise fully reversible ischemic myocardial dysfunction reflect cell

death of individual cardiomyocytes by apoptosis or reversible injury to the sarco-

lemmal membrane by stretch.75

Novel modes of regulated and non-regulated cardiomyocyte death

Traditionally, necrosis was considered the cause of cardiomyocyte cell death that

occurred when coronary occlusion was longer than 20–40 min. Necrosis is character-

ized by rupture of mitochondria and sarcolemma and elicits an inflammatory reac-

tion (Figure 1).76,77 Necrotic cell death follows a decrease in free energy change

of ATP hydrolysis and the failure of ionic pumps, which increase the systolic Na+ con-

centration (after failure of sarcolemmal Na+/K+-ATPase) and a subsequent increase

in cytosolic Ca2+ concentration (by Na+/Ca2+ exchange operating in reverse

mode).78,79 The increased cytosolic Ca2+ concentration activates phospholipases

and proteases such as calpain.80 Fluctuations in sarcoplasmic uptake and release

of cytosolic Ca2+, with a decrease in activity of the sarcoplasmic reticulum calcium

ATPase, induce Ca2+ cycling and excessive, uncoordinated contractions. These

become morphologically apparent as contraction bands and contribute to mem-

brane rupture and cell death.81 Upon reperfusion, oxygen is re-introduced, and

increased formation of reactive oxygen species (ROS), from mitochondria and

NADPH oxidases, damages proteins, lipids, and DNA by oxidative modifica-

tion.82,83 The relief of acidosis by washout of protons and activation of the Na+/H+

exchanger intensifies calcium overload and removes inhibition of contractile func-

tion by acidosis.26 Necrosis, evident from contraction bands and the inflammatory

reaction, probably makes up for the core and the majority of an infarcted myocardial

region. However, more recently, several more regulated modes of cell death have

been recognized to contribute to myocardial infarction (Figure 1).26,84 Apoptosis

is a form of cell death, which results from activation of an intrinsic pathway involving

calcium overload and increased ROS formation and an extrinsic pathway by activa-

tion of sarcolemmal death receptors. Apoptosis is characterized by an intact sarco-

lemma and therefore lacks an inflammatory reaction and by typical DNA fragmenta-

tion. The opening of the mitochondrial permeability transition pore is largely
14 Med 5, 10–31, January 12, 2024



Figure 1. Modes of cardiomyocyte death duringmyocardial ischemia/reperfusionwith their most

characteristic features

Atg, autophagy-related gene protein; DAMPs, danger-associated molecular patterns; GPX,

glutathione peroxidase; GSH, glutathione; GSSG, glutathione disulfate; LC3, microtubule-

associated protein light chain 3; MLKL, mixed-lineage kinase domain-like kinase; RIPK, receptor-

interacting protein kinase; ROS, reactive oxygen species; TLR, Toll-like receptor; TNFR, tumor

necrosis factor receptor. Modified from Heusch and Gersh19 and Heusch26 with permission.
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responsible for both necrotic and apoptotic cell death.85,86 Necroptosis is a cell

death response to activation of sarcolemmal tumor necrosis factor- or Toll-like re-

ceptors, which specifically involves a receptor-interacting serine/threonine protein

kinase and induces pores in the sarcolemma—this cell death mode can be specif-

ically reduced by necrostatin.87 Pyroptosis is a form of cell death that occurs in

response to damage-associated molecular patterns (DAMPs), such as mitochondrial

DNA and interleukins acting on the sarcolemma, and results in a characteristic intra-

cellular inflammasome multi-protein complex. In turn, the inflammasome activates

caspase-1 and induces the polymerization of gasdermin to form membrane pores

of 10- to 20-nm diameter, through which further DAMPs and interleukins are

released, thus propagating cell death into neighboring cardiomyocytes.88–90

Recently, ferroptosis has been recognized as a novel form of cell death. It was initially

attributed to iron overload that caused excessive ROS formation but is now consid-

ered to bemainly characterized by abnormalities in glutathione metabolism second-

ary to inactivation of glutathione peroxidase 4, which protects from iron-dependent

lipid peroxidation. Morphologically, mitochondrial destruction predominates over
Med 5, 10–31, January 12, 2024 15



ll
OPEN ACCESS Review
changes in the nucleus.91 A peculiar form of cell death is driven by autophagy, which

is important for cellular homeostasis physiologically and serves to degrade, dispose,

and re-circulate material of damaged intracellular organelles, notably mitochondria

(mitophagy).92 Macro-autophagy is characterized by upregulation of specific pro-

teins such as beclin-1 and parkin and involves the formation of double-membraned

organelles (autophagosomes), which merge with lysosomes to autolysosomes for

digestion of the debris, whereas chaperone-mediated autophagy degrades soluble

proteins.93 In myocardial ischemia/reperfusion, there is selective autophagy of

damaged mitochondria, i.e., mitophagy, which can be dependent on parkin and

ubiquitin or be mediated by receptors such as BCL interacting protein 3 (BNIP3). Mi-

tophagy serves a cardioprotective function.94 Mitophagy leaves the sarcolemma

intact and therefore does not cause an inflammatory reaction.86,95 Activation of

autophagy by chloramphenicol reduced infarct size in a pig model of myocardial

ischemia/reperfusion.96 However, a particular form of excessive autophagy (autosis)

is mediated by upregulation of Rubicon and dysregulation of autophagic flux, and it

contributes to infarct size progression after several hours of reperfusion in mice.97

The role of autophagy in the human heart is still unclear; autophagy marker proteins

were increased in right atrial samples,98 but not left ventricular samples,99 from pa-

tients undergoing cardiovascular surgery with ischemic cardioplegic arrest.

Traditionally, all myocardial infarctions have been considered the result of cardiomyo-

cyte and coronary microvascular necrosis,100 whereas the more regulated modes of

cell death have only been identified more recently. The contribution of each to aggre-

gate infarct size is difficult to determine, as most studies that quantify infarct size used

methods (triphenyl tetrazolium chloride staining, gadolinium contrast retention) that

do not distinguish the modes of cell death.101 Other studies have attempted to manip-

ulate one single mode of cell death in order to estimate its contribution to infarct size;

however, different cell death modes may interact.86,102 The contribution of cell death

modes to aggregate infarct sizemay vary between cardiomyocytes and non-cardiomyo-

cytes (apoptosis affects mostly non-cardiomyocytes86) and may reflect the severity and

spatial development ofmyocardial injury (necrosis and hemorrhage in the center, pyrop-

tosis and inflammatory conditions at the border) and the timing (protective mitophagy

early on, injurious autosis at later reperfusion97).

Reversible injury: Perfusion-contraction matching

Patients with coronary spasm or chronic stable angina typically have reversible ischemia.

Epicardial or microvascular coronary spasm in the presence of non-obstructive coronary

atherosclerosis occurs spontaneously or is elicited by individually variable, often specific

triggers but then resolves either spontaneously or upon use of a calcium antagonist.35

Chronic stable angina with obstructive coronary atherosclerosis is typically elicited

in situations of sympathetic activation such as exercise, excitement, and stress and is

relieved by termination of the initiating trigger or use of nitroglycerine. In both coronary

spasm and chronic stable angina, the coronary vasculature has impaired endothelial

function and hyper-responsiveness to contractile stimuli. In coronary spasm, therefore,

acetylcholine is used for diagnostic provocation tests.35 In chronic stable angina, a vaso-

constrictor response of the poststenotic coronary vascular bed to a-adrenoceptor acti-

vation by catecholamines is predominant in the precipitation of angina.44 Traditionally,

chronic stable angina has been considered as a manifestation of supply-demand

mismatch, induced by b-adrenoceptor-mediated increases in heart rate, contractile

function, and oxygen demand that could not be supported by the limited coronary

blood flow response. This view is not correct, as the contractile function and thus the ox-

ygen consumption of the ischemic poststenotic myocardium are in fact decreased and

not increased. Perfusion-contraction matching is a hallmark of poststenotic myocardial
16 Med 5, 10–31, January 12, 2024
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ischemia when contractile function and coronary blood flow each are normalized for a

single cardiac cycle.31 It is the increase in heart rate during sympathetic activation that

reduces diastolic duration and the time for coronary blood flow. The a-adrenergic cor-

onary vasoconstriction reduces coronary blood flow, and contractile function follows

down to the level that the reduced blood flow permits. This causality is best evidenced

by the fact that b-blockade, with consequently reduced heart rate, increases, rather than

decreases, contractile function of the poststenotic myocardium.103 In the absence of

reduced heart rate, b-blockade reduces blood flowand contractile function byenhanced

a-adrenergic coronary vasoconstriction.42,104 If anything, increased oxygendemanddue

to increased heart rate and contractile function in the non-ischemic adjacent myocar-

dium will cause metabolic coronary vasodilation, thus decreasing collateral perfusion

pressure and inducing a redistribution of blood flow away from the ischemic myocar-

dium through collaterals.31 Depending on the severity of blood flow reduction, perfu-

sion-contraction in previously healthy dogs and pigs can be maintained over several

hours with recovery of ischemic metabolism (creatine phosphate, lactate) and mainte-

nance of viability.73,74,105,106 In patients with AMI, who have probably experienced prior

episodes ofmyocardial ischemia that stimulated collateral growth andmyocardial adap-

tivemechanisms, such short-term hibernation retains viability even after 24 h from symp-

tom onset, and interventional reperfusion still salvages significant amounts of myocar-

dium and improves clinical outcome.107,108

Whereas perfusion-contraction matching prevails duringmyocardial ischemia, coronary

blood flow and contractile function are dissociated during reperfusion following

ischemia, as coronary blood flow displays reactive hyperemia. The contractile function

of the previously ischemic myocardium remains depressed (stunned) and recovers

only over several hours.72,73 Stunning is a manifestation of contractile dysfunction in

response to calciumoverload and increased ROS formation, which decrease the calcium

responsiveness of the contractile machinery by oxidation and proteolysis of contractile

proteins.73 Stunning provided the first evidence that reperfusion is not entirely benefi-

cial but inflicts additional injury on top of ischemia. Stunnedmyocardium recovers spon-

taneously and remains responsive to inotropic stimulation. Stunning after a single

episode of myocardial ischemia is probablymore of paradigmatic than of clinical impor-

tance, except maybe for recovery after ischemic cardioplegic arrest in cardiac surgery.

However, in a pig model, upon repetitive stunning episodes, a state of chronic dysfunc-

tion develops. It is again characterized by perfusion-contractionmatching109,110 but also

displays more profound molecular and morphological alterations, such as downregula-

tion of mitochondrial and sarcoplasmic reticulum calcium handling proteins, upregula-

tion of survival proteins, loss ofmyofibrils, degeneration of mitochondria, and increased

fibrosis. Such chronic hibernation retains viability with eventual recovery after revascular-

ization.111 Hibernating myocardium in humans also displays perfusion-contraction

matching,112 recovery of contractile function upon revascularization,113 signs of cardio-

myocyte dedifferentiation/degeneration and fibrosis,114 and upregulation of survival

proteins.115 Chronic hibernation in patients with obstructive coronary artery disease

and left ventricular (LV) dysfunction is diagnosed by retained viability (preserved meta-

bolism, inotropic reserve) on imaging by positron emission tomography and magnetic

resonance imaging (MRI). However, the interaction of viability,116 recovery of contractile

function, and surgical117 or interventional118 revascularization with respect to long-term

clinical outcomes, including quality of life, is still equivocal in patients with chronic

ischemic LV dysfunction.119

Irreversible injury: Infarction

Myocardial infarction results from ischemia per se when it is of too long duration,120

and it is now clear that reperfusion, althoughmandatory to terminate ischemic injury,
Med 5, 10–31, January 12, 2024 17
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inflicts additional irreversible injury. The evidence for the long-debated irreversible

reperfusion injury is from interventions that, when performed at reperfusion, reduce

infarct size, such as gentle reperfusion121 or ischemic postconditioning.122 The

aggregate size of infarction depends on a number of variables: (1) the site of coro-

nary obstruction and therefore the size of the ischemic area at risk, (2) the magnitude

of reduction in blood flow to the area at risk, be that residual antegrade blood flow

through the epicardial obstruction or collateral blood flow, (3) the duration of

ischemia in interaction with the magnitude of blood flow reduction, and (4) the he-

modynamic situation and the potential adaptation of the myocardium to prior

ischemia episodes (preconditioning, preinfarction angina).26 Depending on the spe-

cies and its heart rate, complete coronary occlusion in healthy, ischemia-naive hearts

results in initial infarction after 20–40 min in the inner myocardial layers of the

ischemic area at risk. Infarction then spreads with further duration of ischemia trans-

murally from inner to outer layers as well as laterally toward the borders of the area at

risk.76,77 Such transmural spread of myocardial infarction with the duration of

ischemia was recently confirmed by cardiac MRI in patients with STEMI.123 Morpho-

logically, infarcted cardiomyocytes are characterized by visible glycogen depletion,

mitochondrial swelling, sarcolemmal rupture, and contraction bands. The severity of

AMI is graded according to the composite of cardiomyocyte and coronary microvas-

cular injury into 4 stages from (1) minor cardiomyocyte necrosis over (2) significant

cardiomyocyte necrosis without coronary microvascular injury to (3) cardiomyocyte

necrosis with coronary microvascular obstruction and, ultimately, (4) cardiomyocyte

necrosis with intramyocardial hemorrhage.124 Whether or not the development and

ultimate size of myocardial infarction depend on sex is still controversial. Female sex

is associated with a better risk factor profile, at least before menopause, and female

sex has been attributed a protective role against myocardial ischemia/reperfusion

injury per se with a subsequent attenuation of further infarct size growth by cardio-

protective interventions.125–127 However, recent studies in rats and pigs did not

confirm sex-dependent differences in infarct size, coronary microvascular injury, or

cardioprotection by ischemic preconditioning.128,129 Clearly, sex remains an impor-

tant variable in experimental animal studies on myocardial infarction,130 and sex and

gender are important variables in the clinical management of IHD.8,9 In patients with

reperfused AMI, infarct size is the major determinant of clinical outcome.131 The best

method to assess infarct size and its features in patients is MRI.132
THE CORONARY CIRCULATION AS THE TARGET OF MYOCARDIAL
ISCHEMIA/REPERFUSION

Reversibly injured myocardium has impaired endothelial function with reduced

responsiveness to acetylcholine.133 In AMI, however, the coronary circulation ex-

hibits severe signs of injury during reperfusion (Figure 2): edema as a consequence

of increased vascular permeability; platelet, leukocyte, and erythrocyte aggregates

obstructing the capillary lumen; embolization of particulate atherothrombotic

debris; increased microvascular constrictor responses to sympathetic activation134;

local release of vasoconstrictor substances56; pericyte contraction inducing capillary

compression135; and capillary destruction and intramyocardial hemorrhage.136–138

These factors cooperate to induce a no-reflow phenomenon/coronary microvascular

obstruction in the infarcted myocardium that can be clinically visualized by MRI.132

Apart from and in addition to infarct size, coronary microvascular obstruction is a ma-

jor determinant of clinical outcome in patients with reperfused AMI.139 Recently, in-

tramyocardial hemorrhage has received particular attention140 because its free iron

can be imaged by MRI,132 it contributes to fatty myocardial degeneration and

adverse remodeling,141 and it provides additional prognostic information.142
18 Med 5, 10–31, January 12, 2024



Figure 2. Mechanisms of coronary microvascular obstruction

Modified from Heusch and Gersh19 and Heusch26 with permission.
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MYOCARDIAL HEALING AND REMODELING

Clinical outcome in survivors of AMI is usually assessed by mortality and hospitaliza-

tion for heart failure after >6 months follow-up and therefore reflects not only the

extent of the acute injury of infarct size and coronary microvascular obstruction

but also the ensuing processes of infarct healing and remodeling.

Healing-removal of debris, from inflammation to anti-inflammation

The healing process is largely an inflammatory response to injury. This inflammatory

response involves cardiac-resident and circulating immune cells as well as their res-

ervoirs in spleen and bone marrow. Healing occurs, in the mouse model, in three

distinct temporal phases, in which immune cells exert different, in part opposing, ef-

fects.20,23,143,144 Dying and dead cardiomyocytes release and present cellular

debris, notably DAMPs such as mitochondrial DNA and interleukins, which activate

pattern recognition receptors, such as Toll-like receptors, on surviving stromal and

resident immune cells, which then release cytokines, chemokines, and a variety of in-

flammatory mediators and activate an innate immune response. The immediate

response, which is facilitated by reperfusion, is exerted by neutrophils, which infil-

trate the infarcted tissue within 4 h, amplify the secretion of inflammatory mediators,
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and form NETs in the coronary microcirculation, but importantly induce a burst of

ROS formation to further destruct the dead tissue and initiate its removal. The

neutrophil response peaks within 12 h. Different subsets of neutrophils can be iden-

tified; whereas neutrophils mostly contribute to further tissue destruction and

removal, some subsets may also serve a protective function.145–147 Following the

initial neutrophil response, a second wave of infiltration is carried largely by macro-

phages, which are recruited within a few hours from the circulating monocytes but

also from the spleen. Macrophages can be classified by their molecular signatures

into several phenotypes, which differ somewhat between mouse models and hu-

mans with myocardial infarction, and serve two almost opposing functions.148–151

Chemokine receptor 2 CCR2-positive macrophages are pro-inflammatory, secrete

cytokines and proteases, increase ROS formation, and contribute to tissue destruc-

tion and debris removal by phagocytosis. At 3–4 days post myocardial infarction,

anti-inflammatory macrophages predominate; they secrete interleukin-10 and

growth factors, contribute to termination of inflammation, and initiate the reparative

processes of angiogenesis by endothelial cells152 and collagen deposition by fibro-

blasts. Both, B and T lymphocytes also contribute to inflammation by release of cy-

tokines and cytotoxic enzymes, whereas the subset of regulatory T lymphocytes

serves an anti-inflammatory and cytoprotective function.153 While fibroblasts are

also involved in the very early response to DAMPs from dying cardiomyocytes, their

main function is the secretion of proteins into the extracellular matrix, notably the

deposition of collagen, in response to activation by transforming growth factor b

from cardiomyocytes and macrophages.20,154 Pericytes also respond to transform-

ing growth factor b and contribute to scar formation and angiogenesis.155,156 The

process of infarct healing involves a complex and systemic interaction of the local

coronary atherosclerosis and infarct environment, the immune system, and the auto-

nomic nervous system. Acute myocardial ischemia induces sympathetic activa-

tion,157 which enhances the release of myeloid progenitor cells from the bone

marrow. These cells migrate into the spleen, where they mature into monocytes

and, once released, not only infiltrate the infarcted myocardium but also the athero-

sclerotic coronary culprit lesions, possibly precipitating a recurrent infarction (Fig-

ure 3).148,158 The predominant effect of suppression of inflammation is cardioprotec-

tive; however, given the ambivalent actions of all major immune cells types in

different temporal phases of the inflammatory process, more complete elimination

of each immune cell type may also be detrimental. Detailed information on the heal-

ing myocardial infarction is mostly derived from mouse models, but these data are

supported at large by the available information from autopsy, blood samples, and

imaging by CMR and PET67,159 in humans. Clinically, treatment with tocilizumab,

i.e., antibodies against the interleukin-6 receptor, reduced myocardial and coronary

microvascular injury in patients with STEMI.160 Colchicine did not reduce infarct size

when given from admission to day 5 after STEMI161 but reduced cardiovascular

events in patients when administered within 30 days after myocardial infarction.162

Remodeling: Scar formation and remote myocardial adaptation

Remodeling starts out with a reparative phase of infarct healing, involves not only the

infarcted myocardium but extends also into the remote myocardium, and impacts ven-

tricular geometry and function.164 Key pathophysiological processes are collagen depo-

sition and its cross-linking, which mature and stabilize the infarct scar, as well as cardio-

myocyte hypertrophy and fibrosis in response to the increased wall stress in the remote

myocardium.154 When these processes occur in a controlled fashion, such remodeling

acts to preserve ventricular geometry and function. In contrast, adverse remodeling

with scar thinning and excessive hypertrophy and fibrosis in remote myocardium even-

tually ends up in heart failure.25 In addition to the local control by the reparative healing
20 Med 5, 10–31, January 12, 2024



Figure 3. Interaction of vagal and sympathetic nerves with spleen and bone marrow and release

of cells and substances that either protect the infarcting heart upon vagal activation during

remote ischemic conditioning or damage the infarcting heart upon sympathetic activation, which

promotes inflammation

Remote ischemic conditioning induces release of circulating cardioprotective factors such as nitrite and

exosomes from the peripheral site of ischemia/reperfusion and induces vagal activation, which reduces

heart rate, activates cardiac cholinergic receptors to induce cardioprotection, and induces release of

circulating cardioprotective factors from the spleen. Sympathetic activation increases heart rate and induces

a-adrenergic coronary vasoconstriction and the release of myeloid progenitor cells from the bone marrow.

These myeloid progenitor cells migrate into the spleen, where they mature into monocytes that, when

released, migrate not only into the myocardium but also into atherosclerotic plaques, where they cause

destabilization. Modified from Heusch163 with permission.
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processes and local wall stress, remodeling is under systemic neuronal and endocrine

control. Activation of the sympathetic nervous system promotes cardiomyocyte hyper-

trophy, and activation of the renin-angiotensin-aldosterone system promotes cardio-

myocyte hypertrophy and fibrosis. The natriuretic peptides counteract these processes

by vasodilation, natriuresis, and inhibition of the sympathetic and renin-angiotensin-

aldosterone systems. Accordingly, b-blockade, ACE inhibitors/AT1 antagonists, and,

more recently, aldosterone antagonists and neprilysin inhibition to attenuate breakdown

of natriuretic peptides are established treatments to prevent postinfarct heart failure

development in patients.While remodeling, either beneficial or adverse, typically occurs

following AMI, it can alsomore silently occur with repetitive coronarymicroembolization

and repair on a smaller scale but still eventually result in heart failure. In ischemic cardio-

myopathy, the sympathetic innervation also remodels with partial and local denervation,
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resulting in inhomogeneity of action potential and conduction responses during sympa-

thetic activation and predisposing to sudden cardiac death.165
ARRHYTHMIAS

Whereas any single premature ventricular extrasystole can precipitate ventricular fibrilla-

tion when it occurs during the early, spatially heterogeneous ventricular repolarization (R

onT-phenomenon in theECG),myocardial ischemiaand reperfusionpromoteconditions

that favor extrasystoles and ventricular fibrillation.Withinminutes ofmyocardial ischemia

after coronary occlusion, the ATP-dependent function of cardiomyocyte Na+/K+-

ATPase166 and the re-uptake of norepinephrine into sympathetic nerve terminals are

impeded.167 Loss of Na+/K+-ATPase function induces a local increase in extracellular

K+, which can depolarize neighboring cardiomyocytes.166 Loss of norepinephrine re-up-

take into sympathetic nerve terminals can elicit action potentials in still-excitable cardio-

myocytes.168 Reflex sympathetic activation during early myocardial ischemia169 potenti-

ates thisarrhythmogenic situation,which is, on theotherhand, sensitive tob-blockade.170

In later myocardial ischemia with progressively spreading cardiomyocyte death, the loss

of K+ ions from cardiomyocytes166 further promotes both extrasystoles from still-excit-

able cardiomyocytes and impairment of conduction, which favor re-entry of excitation

within the ischemic myocardium and across its border to non-ischemic myocardium

and then ventricular fibrillation.171,172 Reperfusion followingmyocardial ischemia further

promotes ventricular arrhythmias by highly heterogeneous reperfusion on themicrovas-

cular level. This consequently results in heterogeneous washout of ions, re-activation of

ionic pumps, and normalization of cardiomyocyte excitability and conduction, which

create electrical gradients and re-entry mechanisms173; the enhanced formation of

ROSalso contributes to reperfusion arrhythmias.82,174 Themyocardiumremains sensitive

to serious arrhythmias in the healing phase ofmyocardial infarction throughdispersionof

refractoriness, conduction delays, and re-entrymechanisms within the infarctedmyocar-

diumandacross itsborders tonon-ischemicmyocardium.175,176Ventricular fibrillation re-

sulting from myocardial ischemia/infarction remains the predominant cause of sudden

cardiac death,177,178 often out of hospital.179 Atrial fibrillation is also promoted by an

interaction of myocardial ischemia and sympathetic activation.180
CARDIOPROTECTION AND REGENERATION

Cardioprotection: Ischemic conditioning, drugs, and physical interventions

Cardioprotection refers to all measures that prevent or attenuate cardiac damage, no

matter what the damaging stimulus, butmore specifically refers tomeasures that reduce

infarct size and coronary microvascular obstruction.26 An initial phase of attempted car-

dioprotection was led by the idea to reduce the oxygen demand of cardiac contraction

by manipulation of hemodynamics; as outlined above, the ischemic myocardium does

not contract anyway, and therefore not surprisingly, this strategy proved not successful

and was abandoned.29 A second phase of attempted cardioprotection was prompted

by the recognition of the ischemic conditioning phenomenon in 1986.181 Ischemic con-

ditioning is the activation of a complex molecular self-defense program by brief coro-

nary occlusion and reperfusion, which cause no infarction per se but protect from sus-

tained myocardial ischemia with reperfusion that causes infarction.182 Such ischemic

conditioning can be activated before sustained ischemia (preconditioning) and during

early reperfusion (postconditioning). Ischemic conditioning with cardioprotection can

also be elicited by ischemia/reperfusion in tissues remote from the heart (remote condi-

tioning).183 The signal transduction of ischemic conditioning involves (1) the activation of

sarcolemmal receptors by neurohormones, autacoids, cytokines, and growth factors; (2)

the activation of intracellular enzymes, mostly kinases, by activation of these sarco-

lemmal receptors but also by small molecules such as calcium, nitric oxide, and
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hydrogen sulfide; and, ultimately, (3) an action of these pathways on mitochondria,

where respiration is preserved and ROS formation and opening of the permeability tran-

sitionpore are reduced such that activation of cell death is inhibited.184 Remote ischemic

conditioning involves a neurohumoral signal transfer from the ischemic/reperfused pe-

ripheral tissue to the heart, with the spleen as an important relay organ that releases

circulating cardioprotective substances upon vagal activation (Figure 3).185 A myriad

of preclinical studies have demonstrated infarct size reduction by ischemic conditioning

interventions and drugs that are related to ischemic conditioning’s signal transduction;

some of these interventions have also proven successful in smaller clinical proof-of-

concept trials in patients with reperfused AMI. However, the translation to clinical prac-

tice has been difficult so far.26 In fact, only a single positive phase 3 trial has reported

better clinical outcome in patients undergoing remote ischemic conditioning,186

whereas a much larger trial was neutral.187 A number of drugs, many of themwith an ac-

tion on mitochondria,188 have reduced infarct size in preclinical and smaller clinical

proof-of-concept phase 2 trials, but none of them have unequivocally improved clinical

outcome of AMI patients in a phase 3 trial.189 Supplemental oxygen does not improve

the clinical outcome of patients with AMI.190 Hyperoxemic reperfusion reduced infarct

size and coronary microvascular injury in preclinical studies and improved outcome in

a small cohort of patients with anterior STEMI,191 but the jury is still out for a prospective

phase 3 trial. Mild hypothermia reduced infarct size in preclinical studies192 but did not

improve outcome for patients with AMI.193 Also, left ventricular unloading by amechan-

ical assist device before reperfusion reduced infarct size in a pigmodel,194 but its clinical

use is still under investigation (ClinicalTrials.gov: NCT03947619). The reasons for the

poor translation of cardioprotection to clinical practice are multi-fold, including lack of

robustness in many preclinical studies195; genetically determined non-responsiveness

to cardioprotection28; confounders such as advanced age, co-morbidities, and co-med-

ications189; and recruitment of patients into trials who have a very good outcome any-

way, which is difficult to improve further by cardioprotection.27

Regeneration

The potential for self-renewal of adult cardiomyocytes is extremely limited, not only

in the intact heart but also after injury and loss of viable cardiomyocytes. Cell therapy

to regenerate infarcted tissue raised enormous enthusiasm initially196 but has not

fulfilled its promises so far. The original idea that implantation of mesenchymal

stem cells or their mobilization from the bone marrow with subsequent migration

into infarcted myocardium would result in their transdifferentiation into cardiomyo-

cytes196 proved equally wrong as that of implantation of more select stem cell

populations.197 Activation of resident cardiomyocytes to form new cardiomyocytes

resulted in very limited and functionally insignificant myocardial regeneration.198

Whereas research into cell therapeutic approaches, cell-cycle induction in cardio-

myocytes,199 and direct reprogramming of fibroblasts into cardiomyocytes200 has

generated an enormous wealth of fundamental knowledge, it has not succeeded

in inducing renewal of lost cardiomyocytes in any significant amount so

far.22,201,202 Still, improved ventricular function after cell therapy has been achieved

and is mainly attributed to the action of paracrine factors on existing cells, such as

stimulation of angiogenesis.203 Recently, more systematic analysis of such paracrine

factors has identified microRNAs,21,24 peptides,204,205 and extracellular vesi-

cles206,207 that mediate cardioprotective and regenerative effects. In mice with per-

manent coronary ligation, conditional depletion of an acetyltransferase, which acti-

vates apoptosis and inhibits the cell cycle, reduced infarct size and improved LV

function and survival.208 In a mouse model of myocardial injury, attention has also

been directed to remodeling of the extracellular matrix in response to the protein

agrin, which may facilitate regeneration.209
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Box 1. Research and health policy agenda for ischemic heart disease

BASIC, TRANSLATIONAL, AND CLINICAL RESEARCH AGENDA

Genome-wide analyses for development of risk scores and primordial prevention

Primordial prevention of risk factors and primary prevention of ischemic heart disease

Understanding and targeting the neuro-immune interface at the coronary plaque

Non-invasive imaging for early diagnosis of coronary atherosclerosis

Invasive imaging for understanding of coronary atherosclerosis, plaque erosion/rupture, and treat-

ment control

Personalized medicine approaches for conservative vs. interventional treatment of stable angina

Personalized medicine approaches for conservative vs. interventional treatment of ischemic LV

dysfunction

Understanding and treating angina with non-obstructive coronary disease

Understanding and treating coronary microvascular disease

Understanding and treating coronary microvascular obstruction/hemorrhage

Understanding and targeting non-regulated and regulated modes of cell death in cardiomyocytes

and non-cardiomyocytes

Development and translation of novel targets for cardioprotection

Understanding the dynamics of immune cell recruitment, their specific role in infarct healing, and

potential therapeutic targets

Fundamental understanding and translation of repair/regeneration

Understanding remodeling and preventing postinfarct heart failure

HEALTH POLICY AGENDA

Public awareness, health education

Establishment of chest pain units for rapid triage

Establishment of local primary PCI networks

More research funding (equivalent to that for cancer)
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PERSPECTIVES AND AGENDA

Progress in diagnosis and treatment of cardiovascular disease, notably including

IHD, has largely contributed to an increasing life expectancy in developed coun-

tries.210,211 However, further efforts in research and in health policy must be directed

to better understanding, diagnosis, and treatment of the pathogenesis andmanifes-

tation of IHD (Box 1).

Given the pivotal importance to provide timely reperfusion of ischemic myocardium,

the awareness of IHD must be improved to achieve better education and prevention

already in children.212 Research using genome-wide analyses will identify further risk

factors and facilitate primordial prevention of those risk factors213 as well as of po-

tential non-responsiveness to cardioprotective interventions.28

In patients with stable angina, advances in non-invasive imaging will replace diag-

nosis by angiography,214 and personalized medicine approaches will guide deci-

sions for conservative vs. interventional therapy.215 For patients with persistent

angina5 and angina in the absence of obstructive coronary atherosclerosis, mecha-

nisms of pain perception10 and of coronary microvascular dysfunction216,217 must be

better understood such that they can be therapeutically targeted.

The availability and logistics of chest pain units for rapid triage and PCI for rapid re-

perfusion of AMI must be improved218; networks for facilitated transport to a PCI

center must be established.219,220 Invasive imaging, notably intravascular ultra-

sound and OCT,221 will guide decisions for interventional treatment and improve

prognosis.222 Beyond optimal reperfusion, strategies must be developed to provide
24 Med 5, 10–31, January 12, 2024
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adjunct protection in patients with hemodynamic complications. For that, novel tar-

gets in more robust preclinical studies must be identified.195 Interventions in the

healing and early remodeling responses following AMI are currently being explored

and may prevent the development of heart failure.164 With optimism, further

advancement in basic science will eventually make the replacement of lost cardio-

myocytes by cell therapy, cell-cycle induction in cardiomyocytes, or direct reprog-

ramming of fibroblasts into cardiomyocytes possible.22
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Marandi, T., Saar, A., Veldre, G., Edfors, R.,
Lewinter, C., Jernberg, T., et al. (2022).
Comparison of management and outcomes
of ST-segment elevation myocardial
infarction patients in Estonia, Hungary,
Norway, and Sweden according to national
ongoing registries. Eur. Heart J. Qual. Care
Clin. Outcomes 8, 307–314.
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Wohlfahrt, P. (2021). Heart failure after
myocardial infarction: incidence and
predictors. ESC Heart Fail. 8, 222–237.
16. Lukhna, K., Hausenloy, D.J., Ali, A.S., Bajaber,
A., Calver, A., Mutyaba, A., Mohamed, A.A.,
Kiggundu, B., Chishala, C., Variava, E., et al.
(2023). Remote ischaemic conditioning in
STEMI patients in Sub-Saharan AFRICA:
Rationale and Study Design for the RIC-
AFRICA Trial. Cardiovasc. Drugs Ther. 37,
299–305.

17. Landon, B.E., Hatfield, L.A., Bakx, P.,
Banerjee, A., Chen, Y.C., Fu, C., Gordon, M.,
Heine, R., Huang, N., Ko, D.T., et al. (2023).
Differences in treatment patterns and
outcomes of acute myocardial infarction for
low- and high-incomepatients in 6 countries.
JAMA 329, 1088–1097.

18. Sarma, A.A., Braunwald, E., Cannon, C.P.,
Guo, J., Im, K., Antman, E.M., Gibson, C.M.,
Newby, L.K., Giugliano, R.P., Morrow, D.A.,
et al. (2019). Outcomes of women compared
with men after non-ST-segment elevation
acute coronary syndromes. J. Am. Coll.
Cardiol. 74, 3013–3022.

19. Heusch, G., and Gersh, B.J. (2017). The
pathophysiology of acute myocardial
infarction and strategies of protection beyond
reperfusion: a continual challenge. Eur. Heart
J. 38, 774–784.

20. Chalise, U., Becirovic-Agic, M., and Lindsey,
M.L. (2023). The cardiac wound healing
response to myocardial infarction. WIREs
Mech. Dis. 15, e1584.

21. Eulalio, A., Mano, M., Dal Ferro, M., Zentilin,
L., Sinagra, G., Zacchigna, S., and Giacca, M.
(2012). Functional screening identifies
miRNAs inducing cardiac regeneration.
Nature 492, 376–381.

22. Broughton, K.M., Wang, B.J., Firouzi, F.,
Khalafalla, F., Dimmeler, S., Fernandez-Aviles,
F., and Sussman, M.A. (2018). Mechanisms of
cardiac repair and regeneration. Circ. Res.
122, 1151–1163.

23. Forte, E., Furtado, M.B., and Rosenthal, N.
(2018). The interstitium in cardiac repair: role
of the immune-stromal cell interplay. Nat.
Rev. Cardiol. 15, 601–616.

24. Gabisonia, K., Prosdocimo, G., Aquaro, G.D.,
Carlucci, L., Zentilin, L., Secco, I., Ali, H.,
Med 5, 10–31, January 12, 2024 25

http://refhub.elsevier.com/S2666-6340(23)00405-1/sref1
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref1
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref1
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref1
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref1
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref1
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref2
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref2
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref2
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref2
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref2
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref3
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref3
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref3
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref3
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref3
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref3
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref3
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref4
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref4
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref4
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref4
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref4
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref4
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref5
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref5
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref5
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref5
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref5
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref5
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref5
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref6
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref6
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref6
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref6
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref6
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref6
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref6
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref7
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref7
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref7
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref7
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref7
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref7
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref8
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref8
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref8
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref8
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref8
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref8
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref9
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref9
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref9
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref9
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref10
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref10
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref10
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref10
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref11
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref11
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref11
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref11
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref11
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref11
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref11
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref11
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref11
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref11
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref12
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref12
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref12
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref13
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref13
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref13
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref13
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref13
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref13
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref13
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref13
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref13
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref14
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref14
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref14
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref14
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref14
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref14
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref14
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref14
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref14
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref15
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref15
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref15
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref15
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref15
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref15
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref15
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref16
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref16
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref16
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref16
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref16
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref16
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref16
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref16
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref17
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref17
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref17
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref17
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref17
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref17
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref17
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref18
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref18
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref18
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref18
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref18
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref18
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref18
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref19
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref19
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref19
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref19
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref19
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref20
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref20
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref20
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref20
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref21
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref21
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref21
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref21
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref21
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref22
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref22
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref22
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref22
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref22
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref23
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref23
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref23
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref23
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref24
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref24


ll
OPEN ACCESS Review
Braga, L., Gorgodze, N., Bernini, F., et al.
(2019). MicroRNA therapy stimulates
uncontrolled cardiac repair after myocardial
infarction in pigs. Nature 569, 418–422.

25. Heusch, G., Libby, P., Gersh, B., Yellon, D.,
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Möhlenkamp, S., Konorza, T., Schöner, S.,
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and Kübler, W. (1984). Release of endogenous
catecholamines in the ischemic myocardium
of the rat. Part A: Locally mediated release.
Circ. Res. 55, 689–701.
Med 5, 10–31, January 12, 2024 29

http://refhub.elsevier.com/S2666-6340(23)00405-1/sref132
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref132
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref132
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref132
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref132
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref132
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref132
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref133
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref133
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref133
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref133
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref133
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref133
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref134
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref134
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref134
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref134
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref134
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref134
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref134
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref134
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref135
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref135
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref135
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref135
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref135
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref136
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref136
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref136
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref137
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref137
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref137
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref138
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref138
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref138
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref138
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref138
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref138
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref138
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref138
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref139
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref139
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref139
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref139
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref139
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref139
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref139
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref139
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref139
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref139
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref140
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref140
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref140
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref140
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref140
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref141
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref141
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref141
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref141
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref141
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref141
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref142
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref142
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref142
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref142
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref142
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref142
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref142
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref143
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref143
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref143
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref144
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref144
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref144
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref144
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref144
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref145
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref145
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref145
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref145
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref145
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref145
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref145
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref146
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref146
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref146
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref146
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref146
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref146
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref147
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref147
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref147
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref147
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref147
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref147
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref148
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref148
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref148
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref148
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref148
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref148
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref148
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref148
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref149
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref149
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref149
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref149
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref149
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref149
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref149
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref150
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref150
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref150
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref151
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref151
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref151
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref151
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref151
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref152
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref152
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref152
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref152
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref152
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref152
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref152
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref153
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref153
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref153
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref153
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref153
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref153
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref154
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref154
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref154
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref155
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref155
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref155
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref155
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref155
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref155
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref155
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref155
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref156
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref156
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref156
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref156
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref156
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref156
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref157
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref157
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref157
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref157
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref157
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref157
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref158
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref158
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref158
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref158
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref158
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref159
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref159
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref159
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref159
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref159
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref160
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref160
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref160
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref160
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref160
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref160
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref160
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref161
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref161
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref161
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref161
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref161
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref161
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref162
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref162
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref162
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref162
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref162
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref162
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref222
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref222
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref163
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref163
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref163
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref163
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref163
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref164
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref164
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref164
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref164
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref164
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref164
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref164
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref164
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref165
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref165
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref165
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref165
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref166
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref166
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref166
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref166
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref166


ll
OPEN ACCESS Review
168. Schömig, A., Haass, M., and Richardt, G.
(1991). Catecholamine relaese and
arrhythmias in acute myocardial ischaemia.
Eur. Heart J. 12, 38–47.

169. Heusch, G., Deussen, A., and Thämer, V.
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Menasché, P., Zimmermann, W.H., Kamp,
T.J., Wu, J.C., and Dzau, V.J. (2021). Basic and
translational research in cardiac repair and
regeneration: JACC State-of-the-Art Review.
J. Am. Coll. Cardiol. 78, 2092–2105.

203. Hodgkinson, C.P., Bareja, A., Gomez, J.A.,
and Dzau, V.J. (2016). Emerging concepts in
paracrine mechanisms in regenerative
cardiovascular medicine and biology. Circ.
Res. 118, 95–107.

204. Korf-Klingebiel, M., Reboll, M.R., Klede, S.,
Brod, T., Pich, A., Polten, F., Napp, L.C.,
Bauersachs, J., Ganser, A., Brinkmann, E.,

http://refhub.elsevier.com/S2666-6340(23)00405-1/sref167
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref167
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref167
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref167
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref168
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref168
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref168
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref168
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref168
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref168
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref169
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref169
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref169
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref169
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref169
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref169
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref170
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref170
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref170
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref170
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref170
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref171
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref171
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref171
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref172
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref172
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref172
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref172
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref173
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref173
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref173
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref173
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref173
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref174
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref174
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref174
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref174
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref174
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref175
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref175
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref175
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref175
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref175
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref175
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref175
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref175
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref176
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref176
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref176
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref176
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref177
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref177
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref177
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref177
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref177
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref177
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref177
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref177
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref177
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref178
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref178
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref178
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref179
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref179
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref179
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref179
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref179
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref180
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref180
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref180
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref180
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref181
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref181
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref181
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref181
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref181
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref181
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref181
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref182
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref182
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref182
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref182
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref183
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref183
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref183
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref183
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref184
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref184
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref184
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref184
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref184
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref184
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref185
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref185
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref185
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref185
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref185
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref185
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref185
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref185
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref186
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref186
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref186
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref186
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref186
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref186
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref186
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref187
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref187
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref187
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref187
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref187
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref187
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref188
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref188
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref188
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref188
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref188
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref188
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref188
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref188
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref188
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref188
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref189
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref189
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref189
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref189
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref189
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref189
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref190
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref190
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref190
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref190
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref190
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref190
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref191
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref191
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref191
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref191
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref192
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref192
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref192
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref192
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref192
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref192
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref192
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref192
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref192
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref192
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref192
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref193
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref193
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref193
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref193
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref193
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref193
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref194
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref194
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref194
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref194
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref194
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref194
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref194
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref194
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref194
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref194
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref195
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref195
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref195
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref195
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref195
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref196
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref196
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref196
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref196
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref196
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref197
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref197
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref197
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref197
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref197
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref198
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref198
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref198
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref198
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref198
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref198
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref199
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref199
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref199
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref199
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref200
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref200
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref200
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref200
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref200
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref201
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref201
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref201
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref201
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref201
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref201
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref202
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref202
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref202
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref202
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref202
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref203
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref203
http://refhub.elsevier.com/S2666-6340(23)00405-1/sref203


ll
OPEN ACCESSReview
et al. (2015). Myeloid-derived growth factor
(C19orf10) mediates cardiac repair following
myocardial infarction. Nat. Med. 21, 140–149.

205. Reboll, M.R., Klede, S., Taft, M.H., Cai, C.L.,
Field, L.J., Lavine, K.J., Koenig, A.L.,
Fleischauer, J., Meyer, J., Schambach, A.,
et al. (2022). Meteorin-like promotes heart
repair through endothelial KIT receptor
tyrosine kinase. Science 376, 1343–1347.

206. de Couto, G., Gallet, R., Cambier, L.,
Jaghatspanyan, E., Makkar, N., Dawkins, J.F.,
Berman, B.P., and Marbán, E. (2017).
Exosomal microRNA transfer into
macrophages mediates cellular
postconditioning. Circulation 136, 200–214.

207. Davidson, S.M., and Yellon, D.M. (2018).
Exosomes and cardioprotection - a critical
analysis. Mol. Aspects Med. 60, 104–114.

208. Wang, X.,Wan, T.C., Lauth, A., Purdy, A.L., Kulik,
K.R., Patterson, M., Lough, J.W., and
Auchampach, J.A. (2022). Conditional depletion
of the acetyltransferase Tip60 protects against
the damaging effects of myocardial infarction.
J. Mol. Cell. Cardiol. 163, 9–19.

209. Bigotti, M.G., Skeffington, K.L., Jones, F.P.,
Caputo, M., and Brancaccio, A. (2020). Agrin-
mediated cardiac regeneration: Some open
questions. Front. Bioeng. Biotechnol. 8, 594.

210. Weiland, S.K., Rapp, K., Klenk, J., and Keil, U.
(2006). Zunahme der Lebenserwartung:
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