
REVIEW ARTICLE

Inflammation in Acute Myocardial Infarction, Impact on Ventricular 
Remodeling, and New Therapeutic Targets    

Estado inflamatorio en el infarto agudo de miocardio, su impacto en el remodelado ventricular y 
nuevas dianas terapéuticas

Sanatorio Otamendi

ALEJANDRO MORENO1, ALFREDO MATÍAS RODRÍGUEZ GRANILLO1, MTSAC,   , RICARDO PÉREZ DE LA HOZ1, MTSAC,

ABSTRACT

Ischemic heart disease is the most common cause of heart failure, with a high incidence of heart failure despite early revasculariza-
tion and neurohormonal modulation.
In the acute myocardial infarction setting, necrotized cardiomyocytes induce activation of the innate immune system, increasing the 
levels of inflammatory cells to help remove dead cells and initiate a corrective response, which allows for proper scar tissue forma-
tion.
A prolonged or expanded inflammatory response after infarction contributes to adverse ventricular remodeling and development of 
heart failure.
Understanding the inflammatory mechanisms that emerge as a result of myocardial infarction and their impact on adverse remod-
eling that leads to an increased number of major adverse cardiovascular events makes it possible to understand inflammation as a 
therapy target.
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RESUMEN

La cardiopatía isquémica es la causa más frecuente de insuficiencia cardíaca, con una alta incidencia de esta a pesar de la revascu-
larización precoz y la modulación neurohormonal.
En el contexto del infarto agudo de miocardio los cardiomiocitos necrosados inducen la activación del sistema inmune innato, con 
aumento de la concentración de células inflamatorias que ayudan a eliminar las células muertas, e iniciar una respuesta correctiva 
que permite la formación adecuada de tejido cicatrizal.
La prolongación o expansión de la respuesta inflamatoria posterior al infarto contribuye al remodelado adverso ventricular y al 
desarrollo de insuficiencia cardíaca.
Entender los mecanismos inflamatorios que se desarrollan producto del infarto, y su impacto en el remodelado adverso que aumenta 
el número de eventos cardiovasculares mayores, permite comprender a la inflamación como un objetivo terapéutico.
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INTRODUCTION
ST-elevation myocardial infarction (STEMI) is a con-
dition with a high global incidence and entails an in-
creased risk of heart failure (HF) and mortality. In 
the US, there is an estimated annual incidence of 605 
000 new acute myocardial infarction (AMI) cases and 
200 000 recurrent events. (1) In our country, the na-
tional registry of ST-elevation myocardial infarction 
(ARGEN-IAM-ST) estimates an incidence of 120 in-
farctions per 100 000 inhabitants. (2)

After a STEMI, early and successful myocardial 
reperfusion thanks to thrombolytic therapy or pri-
mary percutaneous coronary intervention (PCI) is the 
most effective strategy to reduce the extent of infarc-
tion and to improve clinical outcomes. However, the 
blood flow restoration process for an ischemic myo-
cardium may induce lesions. This condition, known 
as myocardial reperfusion damage, may ironically re-
duce its beneficial effects. The lesion results in death 
of formerly viable cardiomyocytes immediately before 
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reperfusion, thus increasing the extent of infarction. 
(3,4) This lesion is caused by several mechanisms, 

such as the accumulation of neutrophils and the in-
crease of oxidative stress due to production of reactive 
oxygen species (ROS), (5) which leads to sudden in-
crease of intracellular calcium secondary to damage of 
the sarcoplasmic membrane and sarcoplasmic reticu-
lum dysfunction. (4) Studies in animal models of AMI 
suggest that fatal reperfusion lesions represent up to 
50% of the final extent of infarction. (3)

Despite progress made in treatment of coronary 
disease and specifically AMI in the last two decades, it 
continues to be the most common cause of heart fail-
ure (HF). (6) 

HF after discharge in patients with AMI is very 
common. It is diagnosed in about 13% of patients 
within 30 days, and in 20-30% of patients within a 
year. HF incidence after AMI discharge is higher in 
the first few months, then reduced, and maintained at 
an annual rate of 1.3-2.2%. (7)

THE ROLE OF INFLAMMATION
There are different risk factors and mechanisms lead-
ing to HF in different moments. Among them, we can 
cite age, female sex, multivessel disease, previous AMI, 
hypertension, atrial fibrillation, diabetes, chronic kid-
ney disease, and preconditioning. There is increasing-
ly more evidence that a prolonged or expanded inflam-
matory response after AMI significantly contributes 
to left ventricular (LV) remodeling and HF. (8) Inflam-
matory response quantification methods show prom-
ising HF predictive results. The C-reactive protein 
(CRP) levels anticipate a risk of adverse events after 
AMI, including HF. (9) The proportion of neutrophils 
and lymphocytes, indicating systemic inflamma-
tion, predicted major adverse cardiovascular events 
(MACE) and HF in a meta-analysis of 14 studies. (10) 
Cytokines are strategic inflammation regulators. In a 
study of 4939 patients with acute coronary syndrome, 
pro-inflammatory cytokine interleukin-6 (IL-6) levels 
were independent MACE and HF predictors. (11) IL-
32 is a pro-inflammatory cytokine inducing the release 
of other inflammatory cytokines, such as the tumor 
necrosis factor-α (TNF-α), IL-1β, IL-6, IL-8, and IL-18. 
Xuan et al. showed that IL-32 is an independent pre-
dictor of cardiac death and HF in patients following 
AMI. (12) Emergence of acute myocardial ischemia in 
the AMI setting induces an initial pro-inflammatory 
response aimed at removing any remaining necrotic 
cells from the AMI area by means of various processes, 
including complement cascade activation, production 
of reactive oxygen species (ROS), and damage-associ-
ated molecular patterns (DAMP), acting as ligands for 
pattern recognition receptors (PRR), such as Toll-like 
receptors (TLR), dendritic cells, and inflammasomes. 
The latter release several pro-inflammatory media-
tors (interleukins and chemokines) inducing inflam-
matory cell recruitment (neutrophils, lymphocytes, 
monocytes, and macrophages) in the AMI area and 

increasing the pro-inflammatory response. Since they 
are targeted to the borderline viable infarction area, 
infiltrated leukocytes may induce cardiomyocytes 
death, thus extending the ischemic lesion beyond the 
original infarction area. (Figure 1) (13)

Myocardial reperfusion onset following coronary 
angioplasty exacerbates this pro-inflammatory re-
sponse and contributes to the death of cardiomyocytes 
and myocardial damage typical of a "myocardial reper-
fusion lesion" occurring from 6 to 24 h after reperfu-
sion. (14) 

The initial pro-inflammatory response is followed 
by an anti-inflammatory repair phase, which enables 
scar tissue formation that avoids heart rupture. The 
anti-inflammatory repair phase (days 4 to 7) follow-
ing AMI is triggered by initial pro-inflammatory re-
sponse suppression, resolution, and control (Figure 
2). (13) This is driven by inhibitory pathways activa-
tion, suppressing inflammation and dynamic changes 
in the function of infiltrating leukocytes in the AMI 
area. Lymphocytes play a role in this phase; apoptosis 
and removal from the infarction area are a hallmark 
of resolved inflammation and repair phase. This is an 
active process that requires recruitment of inhibitory 
pathways cascades resulting in anti-inflammatory M2 
macrophage polarization, and both anti-inflammatory 
and profibrotic cytokine secretion, which suppress in-
flammation and promote tissue repair thanks to the 
action of fibroblasts. (15-17)

INFLAMMATION AND REMODELING
Following AMI, the LV undergoes geometric and func-
tional changes, with hypertrophy of non-infarction 
segments and dilation/narrowing of infarction seg-
ments, a process known as adverse remodeling and 
associated with poor clinical outcomes. According to 
a systematic review of 37 studies, the most common 
parameters when defining ventricular remodeling are 
20% increase in left ventricular end-diastolic volume 
(LVEDV) and/or 15% increase in left ventricular end-
systolic volume (LVESV). (18)

An excessive and persistent pro-inflammatory re-
sponse after AMI can aggravate LV adverse remod-
eling by increasing inflammatory cytokine expression. 
These induce cardiomyocyte apoptosis, increase the 
extracellular matrix deposit, and depress contractil-
ity, which results in a more rigid ventricle, with larger 
diastolic dysfunction and fibroblast activation in the 
remote myocardium that may expand fibrosis in vi-
able tissue. (19)

Experimental and clinical studies establish a rela-
tionship between interleukin expression and LV vol-
umes. (20-22)

A first-line method to determine the incidence and 
extent of ventricular remodeling is 2D ultrasound. In 
an ultrasound sub-study of the VALIANT trial (val-
sartan versus captopril or their combination in AMI 
complicated by systolic dysfunction or HF), the initial 
LV ejection fraction (LVEF), LVEDV and LVESV were 
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eling patterns after myocardial infarction have a high-
er risk of cardiovascular death, AMI, HF, stroke, and 
cardiac arrest with reanimation. (24) Therefore, while 
LV volumes continue to be strong cardiovascular prog-
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AMI

independent predictors of the combined primary end-
point of death or hospitalization due to heart failure. 
(23). Also, as compared to patients with no evidence 
of LV remodeling, patients with any of the LV remod-

Fig. 1. DAMP-induced pro-inflammatory response. After an AMI, release of molecular patterns associated with damage or DAMP 
(such as ATP, mtDNA, RNA, and HMBGB1) induces a pro-inflammatory response that mediates cardiomyocytes death by means of 
Toll-like receptors (TLR) and leukocyte recruitment in the infarction area, cytokine release, mitochondrial dysfunction (calcium 
overload and ROS production), as well as inflammasome formation. Based on Ong SB et al. Pharmacol Ther. 2018;186:73-87

Fig. 2. The anti-inflammatory repair phase following acute myocardial infarction. After the AMI pro-inflammatory response, the 
anti-inflammatory repair phase leads to inflammation resolution. The bone marrow and circulating monocytes are distinguished 
in dendritic cells that prevent LV remodeling through CD4 + leukocytes exosome activation. Apoptotic neutrophil expression 
induces M2 macrophage polarization and secretion of anti-inflammatory and profibrotic cytokines, such as IL-10 and TGF-β, which 
suppress inflammation and promote tissue repair. A change from high pro-inflammatory Ly6c monocytes and M1 macrophages 
located in the AMI area in response to increased MCP-1 myocardial expression during the initial pro-inflammatory phase to low 
anti-inflammatory Ly6C, monocytes, and M2 macrophages. Based on Ong SB et al. Pharmacol Ther. 2018;186:73-87
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nosis indicators, the specific LV remodeling pattern 
contains additional information.

Cardiac magnetic resonance (CMR) imaging re-
mains the gold standard to evaluate cardiac anatomy 
and function. In addition to providing accurate meas-
urement of ventricular volumes, it makes it possible 
to define the AMI extent in grams. The latter is a sig-
nificant predictor of adverse ventricular remodeling. 
The larger the extent of the infarction, the higher the 
subsequent increase in LVEDV and LVESV. The AMI 
extent is a better adverse remodeling predictor than 
final LVEF. (25)

A CMR measures native T1 (T1 mapping) in the 
heart with no gadolinium requirement, though usually 
required to outline infarction tissue. The T1 is affected 
by water content, macromolecular binding, and cell 
composition. Tissue water content increases as a result 
of ischemia, and this leads to longer T1 times and a 
more marked myocardial damage biomarker in local-
ized myocardial regions. (26) Myocardial native T1 is 
increased by inflammatory cell infiltration, as revealed 
by histopathology in patients undergoing heart trans-
plantation with acute rejection features. (27) 

Native T1 in the remote myocardium in STEMI 
survivors is independently linked to systemic inflam-
mation and the extent of infarction. Changes in the 
number of circulating monocytes following myocar-
dial infarction is independently associated with native 
T1 in the remote area and subsequent LV remodeling 
after 6 months, supportive of a mechanical association 
between inflammation and adverse remodeling. This 
is also related to changes in LVEDV after 6 months 
and independently associated with adverse cardiac 
events after discharge, including all-cause death and 
hospitalization due to HF during longer term follow-
up. (28)

THERAPEUTIC CONSIDERATIONS
Given the harmful effects of an excessive and persis-
tent pro-inflammatory response to AMI, and the ben-
eficial effects of the repair anti-inflammatory phase 
that follows, a potential therapeutic strategy to limit 
the extent of AMI and prevent LV adverse remodeling 
is to mitigate the pro-inflammatory response and up-
regulate the subsequent anti-inflammatory repair re-
sponse. This provides an additional therapeutic target 
to prevent HF after AMI.

Several therapy approaches targeted to addressing 
the pro-inflammatory response after AMI have been 
investigated, and many of them unfortunately fail to 
show any benefit from a reduced extent or any im-
proved clinical outcomes.

The first experimental studies using non-specific 
anti-inflammatory agents, such as corticosteroids 
and nonsteroidal anti-inflammatory drugs (NSAIDs), 
showed reduced AMI extent in dogs. (29) This was as-
sociated with adverse events, such as impaired myo-
cardial repair, and cardiac narrowing and rupture, 
and, therefore, use of these drugs is avoided. (30)

The complement cascade is another pathway con-
sidered for AMI inflammation modulation. In experi-
mental studies, inhibition of this cascade reduced 
the final AMI extent. However, in clinical trials, us-
ing pexelizumab, a C5 complement antibody, failed to 
show any clinical benefits or extent of infarction. (31)

Inflammatory cytokines are interesting therapeu-
tic targets due to their pleiotropic effects on immune 
response. In the VCU-ART 3 trial, anakinra, an IL-1 
inhibiting antibody, administered for 14 days follow-
ing AMI significantly reduced CRP levels, death inci-
dence, or de novo HF and HF hospitalization. (32) An 
analysis of VCU-ART1, VCU-ART2 and VCU-ART3 
trials is consistent with the results of the latter. (33)

CANTOS was another trial aimed to inhibit inter-
leukin expression, in this case, IL-1β, by means of a 
monoclonal antibody, canakinumab. SC administra-
tion of this drug to patients with previous AMI and el-
evated CRP prevents recurrent cardiovascular events 
(cardiovascular death, non-fatal AMI, non-fatal 
stroke). (34) Later, Everett et al. found that reduced 
HF by canakinumab and the HF hospitalization and 
death compound are dose related. (35)

Metoprolol reduces neutrophil myocardial infiltra-
tion by inhibiting the β1-adrenergic receptor selective 
antagonist (ADRB1) in animals with provoked AMI. 
(36) In the METOCARD-CNIC trial, IV administra-
tion of this betablocker reduced the extent of infarc-
tion and increased LVEF on CMR imaging versus pla-
cebo in AMI patients. (37)

Sodium-glucose linked transporter type 2 (SGLT2) 
inhibitors have a pleiotropic effect, and their anti-
inflammatory effect is studied in experimental and 
clinical trials. (38) They have shown to mitigate mac-
rophage infiltration, particularly, M1 polarization, 
thus increasing the polarity of M2 involved in the 
anti-inflammatory phase; therefore, it is clear that 
SGLT2 inhibitors take part in inflammation modula-
tion and tissue repair. (39) In addition, they reduce 
the TNF-α factor expression, monocyte chemoattract-
ant protein-1 (MCP-1), platelet adhesion molecules, 
IL-6, and IL-1β. In clinical trials of diabetic and chron-
ic coronary disease patients, treatment with SGLT2 
inhibitors significantly reduces CRP levels in blood, 
inflammatory cytokines (IL-6), and TNF-α. (40) As a 
result, treatment with this drug may improve cardio-
vascular outcomes thanks to its benefits for inflam-
mation modulation. In terms of ventricular remode-
ling, in the SUGAR-DM-HF trial, using empagliflozin 
in HF patients with reduced LVEF and diabetes was 
associated with larger inverse remodeling measured 
by CMR. (41) The effects of early administration of 
SGLT2 inhibitors in patients with recent AMI are still 
not fully known. We have recently become aware of 
the results of the EMMY study. In this trial, the ad-
ministration of 10 mg orally of empagliflozin within 
72 hours of angioplasty in patients with AMI was sig-
nificantly associated with a decrease of NT-proBNP, 
higher LVEF, decreased LVEDV and LVESV than the 
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