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Abstract

Acute myocardial infarction is an important cardiovascular disease worldwide. Although the mortality rate of myocardial
infarction (MI) has improved dramatically in recent years due to timely treatment, adverse remodeling of the left ventricle
continues to affect cardiac function. Various immune cells are involved in this process to induce inflammation and amplifi-
cation. The infiltration of inflammatory cells in the infarcted myocardium is induced by various cytokines and chemokines,
and the recruitment of leukocytes further amplifies the inflammatory response. As an increasing number of clinical anti-
inflammatory therapies have achieved significant success in recent years, treating myocardial infarction by targeting inflam-
mation may become a novel therapeutic option. In particular, successful clinical trials of canakinumab have demonstrated
the important role of the inflammatory factor interleukin-1 (IL-1) in atherosclerosis. Targeted IL-1 therapy may decrease
inflammation levels and improve cardiac function in patients after myocardial infarction. This article reviews the complex
series of responses after myocardial infarction, including the involvement of inflammatory cells and the role of cytokines and
chemokines, focusing on the progression of the IL-1 family in myocardial infarction as well as the performance of current
targeted therapy drugs in experiments.
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NLR Cytosolic nucleotide-binding oligomeri-
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Introduction

Acute myocardial infarction has the highest mortality rate
in the world, and its pathogenesis mainly involves the for-
mation of thrombi due to the rupture of unstable plaques.
The thrombi, subsequently block the coronary arteries,
leading to ischemia and hypoxia, and ultimately, myocar-
dial infarction occurs (Hartikainen et al. 2020). However,
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immediate reperfusion therapy has largely solved clini-
cal problems. Timely percutaneous coronary intervention
(PCI) is beneficial for reducing acute mortality and the
occurrence of left ventricular remodeling (Keeley et al.
2003). However, subsequent myocardial ischemia—reperfu-
sion (IR) injury is still not negligible (Yellon and Hause-
nloy 2007). An ischemic incident causes cellular swelling
and destruction, leading to the efflux of cellular contents.
This efflux contributes to local and systemic inflammation
both during the infarction phase of myocardial infarction
and during the reperfusion phase (Toldo and Abbate 2018;
Toldo et al. 2018).

NOD-like receptor thermal protein domain associ-
ated protein 3 (NLRP3) inflammasome activation during
acute myocardial infarction causes a strong inflammatory
response and increases IL-1 activity. Elevated activity of
IL-1, a classic proinflammatory cytokine, has been asso-
ciated with a variety of inflammatory diseases and is now
intensively studied in cardiovascular disease (CVD) (Din-
arello 2011). It has been well established that IL-1 and its
receptor are important initiators and promoters of the inflam-
matory process in CVD. There are two isoforms of IL-1,
interleukin-la (IL-1o) and interleukin-1p (IL-1f), both
of which share a common receptor, interleukin-1 recep-
tor type I (IL-1R1). IL-1a or IL-1p induces an inflamma-
tory response in endothelial cells by binding to its receptor
IL-1R1.The binding of both receptors activates a series of
phosphorylation and ubiquitination responses and can acti-
vate downstream signaling pathways, including the NF-kB,
JNK, and p38 MAPK pathways, among others (Libby 2017).
IL-1p can induce an inflammatory response in endothelial
cells by increasing the expression of adhesion factors and
chemokines to promote the aggregation of inflammatory
cells in the vasculature and endothelial invasion (Bevilacqua
et al. 1985). In addition, IL-1a can serve as an alarm factor
in the inflammatory response and initiate inflammatory cas-
cades. Although IL-1a can work as an alarm factor for the
inflammatory response and initiate an inflammatory cascade,
it is an important danger signal at the onset of acute myo-
cardial infarction (Buckley and Abbate 2018; Lugrin et al.
2015). The regulation of IL-1/IL-1R1 and its antagonists
aid in the therapeutic modifications of excessive leukocyte
production after myocardial infarction, reduce the inflam-
matory response and improve adverse remodeling (Abbate
et al. 2011; Sager et al. 2015).

This article reviews the development of the inflammatory
response after acute myocardial infarction, including that
of inflammatory cells, inflammatory factors and focuses on
the progression of the main targets of the IL-1 signaling
pathway in the current study of acute myocardial infarction
as well as the latest manifestations of the drugs targeting
IL-1o and IL-1p, as well as their receptors and endogenous
inhibitors.
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Basic pathophysiology of acute myocardial
infarction

Myocardial infarction leads to a strong inflammatory
response, which is crucial for heart repair, however, this
response is strongly associated with adverse cardiac
remodeling and the development of heart failure (Fran-
gogiannis 2014). Following cardiomyocyte infarction,
inappropriate damage-associated molecular patterns
are released extracellularly to cause a dramatic immune
response and induce the generation of inflammasomes
(Zuurbier et al. 2019). Activation of the NLRP3 inflam-
masome, with consequent increases in caspase-1, IL-1f,
and interleukin-18 (IL-18) levels, will continue to amplify
the inflammatory response (Toldo and Abbate 2018; Toldo
et al. 2018). RNA silencing of the inflammasome or phar-
macologic inhibition of the inflammasome can provide
some protection to the cardiac system after myocardial
infarction by reducing infarct size and decreasing myo-
cardial fibrosis (Gao et al. 2019; Mezzaroma et al. 2011;
Zhang et al. 2020). The effects of inflammation on myocar-
dial infarction are varied and complex. As previously men-
tioned, damage-associated molecular patterns (DAMPs)
released into the extracellular compartment activate the
NLRP3 inflammasome; subsequently, caspase activation
induces precursors to form mature IL-1f and IL-18, both
of which are released extracellularly through the gas-
dermin-D (GSDMD) pore (Vande Walle and Lamkanfi
2016). This eventually leads to cell swelling and rupture,
and cardiomyocytes undergo pyroptosis. In addition, the
production of proinflammatory cytokines is an important
marker of inflammation after MI. The release of cytokines
such as tumor necrosis factor-a (TNF-a) and IL-1f pro-
motes chemokine synthesis and favors leukocyte infiltra-
tion (Bujak et al. 2008; Frangogiannis et al. 1998; Sager
et al. 2015). This increases the abundance of inflammatory
cells in the infarcted area and increases the inflammatory
response after MI (Ong et al. 2018). Rat MI models have
been constructed in which persistently elevated levels of
TNF-a, IL-1p, and interleukin-6 (IL-6) are proportional
to the left ventricular end-diastolic diameter (Ono et al.
1998). This finding also confirms that the adverse inflam-
matory responses will affect the fibrotic function of the left
ventricle. This ultimately leads to adverse remodeling of
the heart and deterioration of cardiac function.

Cytokines and chemokines
The secretion of large amounts of proinflammatory

cytokines, such as TNF-a, IL-1f, and IL-6, after myocar-
dial infarction is an important hallmark of the onset of the

inflammatory response. The secretion of TNF-a promotes
the synthesis and release of chemokines and adhesion fac-
tors, exacerbating the inflammatory response (Maekawa
et al. 2002). Capturing TNF-a effectively inhibits TNF-a
to alleviate inflammation and improve cardiac function
(Zheng et al. 2023). Different tumor necrosis factor recep-
tors play different roles in the pathophysiology of TNF-a.
In mouse models of heart failure after myocardial infarc-
tion, TNF, TNFR1 and TNFR2 were found to be upregu-
lated, and left ventricular remodeling was exacerbated in
TNFR2~'~ heart failure mice. These findings suggest that
TNFR2 may have a protective role against heart failure.
TNFR1 promotes deleterious remodeling, whereas TNFR2
is cardioprotective in terms of cardiorespiratory remod-
eling, systolic dysfunction and so on. Both have differ-
ent effects on key downstream mediators, such as NF-kB,
inflammatory signaling responses and apoptosis (Befekadu
et al. 2022; Hamid et al. 2009). Extracellular vesicles in
the plasma of patients with MI were found to eliminate
TNF-a-induced cell death, thereby realizing their cardio-
protective potential (Khandagale et al. 2022). IL-1 and
IL-6 are also important proinflammatory factors after myo-
cardial infarction. IL-1 will be described and reviewed in
more detail later. IL-6 is an essential inflammatory factor
in both myocardial infarction and atherosclerosis (Moriya
2019) and has recently been shown to contribute to weav-
ing the inflammatory network during acute coronary syn-
dromes (Nakao and Libby 2023).

IL-6 also plays an important role in cardiac and hepatic
crosstalk. Moreover, the ischemic heart was found to deliver
signals to the liver through the acute inflammatory IL-6/
STAT3 pathway, and the liver reacts by downregulating
the mineralocorticoid receptor to mitigate ischemic injury
through a series of responses (Sun et al. 2023a). Monoclo-
nal antibodies targeting IL-6 have also been tested in many
clinical trials for the treatment of myocardial infarction
with promising results. The use of tocilizumab significantly
reduces patient neutrophil counts and improves inflamma-
tion (Huse et al. 2022; Woxholt et al. 2023).

Similarly, chemokines play a key role in adverse remod-
eling after MI. Chemokine ligand 2 (CCL2) and chemokine
ligand 7 (CCL7) of the chemokine family have long been
shown to mediate the recruitment of proinflammatory cells
(Dewald et al. 2005; Kim and Luster 2013; Zouggari et al.
2013). Elevated chemokine ligand 16 (CXCL16) levels
during acute cardiovascular events increase mortality. Anti-
CXCL16 neutralizing antibody administration suppresses
monocyte infiltration and enhances cardiac function after
myocardial infarction (Zhang et al. 2023). Chemokine
ligand 17 (CCL17) is also a proinflammatory mediator of
CC chemokine receptor 2 (CCR2) macrophages and den-
dritic cells after myocardial infarction, indicating that inhibi-
tion of CCL17 may be an effective strategy to promote Treg

@ Springer



2238

J.Huang et al.

recruitment, inhibit myocardial inflammation and dimin-
ish left ventricular remodeling (Feng et al. 2022). The CC
chemokine ligand 5 (CCL5) likewise induces the migration
of inflammatory cells to areas of inflammatory lesions, and
inhibition of CCLS5 expression and the NF-xB signaling
pathway helps to attenuate adverse myocardial fibrosis after
MI (Han et al. 2022). Moreover, timely administration of
chemokines that act as anti-inflammatory agents might favor
macrophage phenotype switching and promote ventricular
repair (Wang et al. 2023a). One study used M2 macrophage-
derived small extracellular vesicles (M2EVs) to deliver
miR-2b-2p to inhibit the metabolism of CCR2-expressing
macrophages, thus affecting cardiac repair (Li et al. 2023a).

Macrophages

Monocytes affected by chemokines that accumulate in
the region of myocardial infarction differentiate into mac-
rophages that phagocytose cellular debris. Macrophage
emergence after infarction helps wound recovery, but
excessive inflammatory activation also leads to adverse car-
diac remodeling (Davidson et al. 2019; Fan et al. 2019).
In addition to monocytes from the blood, resident cardiac
macrophages have received increased amounts of attention
in recent years (Chen et al. 2023). Differential monocyte
recruitment by resident CCR2— and CCR2 + cardiac mac-
rophages after myocardial injury was revealed by single-cell
sequencing (Bajpai et al. 2019). At late stages of cardiac
repair, macrophages are converted to an anti-inflammatory
phenotype that promotes the activation of myocardial fibro-
blasts and endothelial cells, which facilitates cardiac repair
(Honold and Nahrendorf 2018). An increasing amount of
studies related to the suppression of inflammation after
myocardial infarction through macrophage polarization
have been conducted. In particular, biomaterials, extracel-
lular vesicles and others have applications in this area. An
NF-kB signaling inhibitor was coassembled with interleu-
kin-10 (IL-10) and an NF-kB inhibitor (SN50) to form a
novel anti-inflammatory SN50/IL-10/NapFFY hydrogel
with cardioprotective characteristics (Wang et al. 2023b).
This novel material reduces cardiomyocyte apoptosis and
increases angiogenesis in the border region by promoting
M2 macrophage polarization. Labeling macrophages with
AuNP-amphoteric glucose was used to assess the potential
for macrophage-mediated delivery to infarcted hearts (Wang
et al. 2023c); This approach targets the myocardial infarc-
tion area with the help of macrophages as delivery vehicles.
Extracellular vesicles (EVs) of bone marrow mesenchymal
stem cells (MSCs) pretreated with atorvastatin (ATV) are
capable of superior cardiac repair of myocardial infarction
by inhibiting M1 macrophage polarization and promoting
M2 macrophage polarization (Ning et al. 2023). There is
also emerging evidence that macrophage metabolism plays
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an important role in macrophage phenotypic polarization
and that proinflammatory and anti-inflammatory mac-
rophages have different routes of glucose metabolism, with
mitochondrial oxidative phosphorylation and glycolysis,
both ATP-producing pathways, being differentially upregu-
lated or inhibited in the two macrophage types (Cai et al.
2023; Mills and O’Neill 2016; Mouton et al. 2018; Nassef
et al. 2021). Mitochondrial dysfunction in macrophages and
antioxidant strategies targeting mitochondria will be the next
research focus.

Neutrophils

In the early inflammatory phase of myocardial infarction,
neutrophils are the first leukocytes to reach the infarcted area
of the myocardium, accompanied by a strong inflammatory
response and immune cell infiltration (Epelman et al. 2015;
Prabhu and Frangogiannis 2016). Following acute infarction,
in addition to the phagocytosis of cellular debris, neutro-
phils cause concomitant cardiac injury through the release
of reactive oxygen species (ROS), protein hydrolases, and
inflammatory cytokines (TNF-a and IL-1p) (Carbone et al.
2013; Ma et al. 2013). NETosis is a mode of inflammatory
cell death in neutrophils(Papayannopoulos 2018). Consider-
able research evidence suggests that Neutrophil Extracellu-
lar Traps (NETs) play a harmful role in CVD (Bonaventura
et al. 2020). In myocardial infarction, NETs can form
thrombi by promoting fibrin deposition (Fuchs et al. 2010).
An increase in NETs also leads to activation of the NLRP3
inflammasome and inflammatory macrophages (Hu et al.
2019). A study revealed that weakening neutrophil activity
during the acute inflammatory phase after myocardial infarc-
tion improves cardiac repair and function without affect-
ing neutrophil development and differentiation, through
the establishment of a neutrophil-specific dual specificity
phosphatase 6 gene (Dusp6) knockout mouse model (Zhou
et al. 2022). Interactions between neutrophils and platelets
lead to clot formation and vascular obstruction after myo-
cardial infarction (Stark and Massberg 2021). Platelets par-
ticipate in neutrophil recruitment and activation by releas-
ing chemokines and adhesion molecules (Duerschmied
et al. 2013; Karshovska et al. 2013). A study showed that
neutrophils control thrombopoiesis by forming intravascular
megakaryocyte extensions, in turn accelerating their growth
and release into the circulation (Petzold et al. 2022). In addi-
tion to macrophage polarization, postinfarction neutrophil
polarization over time has received much attention. Neu-
trophils isolated from the left ventricle of infarcted mice
highly expressed proinflammatory markers on Day 1 but
highly expressed anti-inflammatory markers on Days 5 and
7 (Ma et al. 2016). Neutrophil polarization deserves more
research attention. These findings provide new directions for
future research on neutrophils in CVD.
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Lymphocytes

Extensive animal studies have shown that lymphocytes also
contribute significantly to myocardial infarction (Yan et al.
2013; Zouggari et al. 2013). B lymphocytes appear to play
an adverse role in remodeling after myocardial infarction
(Zouggari et al. 2013) and promote the aggregation and acti-
vation of monocytes. Cardiac function after acute injury can
be improved by modulating cardiac B lymphocyte subsets
(Adamo et al. 2018). In addition, the absence of splenic
marginal zone B lymphocytes eliminates adverse ventricu-
lar remodeling induced by B cells after MI (Sun et al. 2022).
Regulatory T cells are now in the spotlight, Tregs are highly
enriched in mice with myocardial infarction and ischemia/
reperfusion injury, and phenotypically and functionally dis-
tinct populations of cardiac Tregs with cardioprotective roles
have been identified (Xia et al. 2020). Surface molecules on
Treg cells have also been investigated. For example, CD69
overexpressing Treg cells have been found in patients with
myocardial infarction, and studies in mouse models have
shown that CD69 expression on Treg cells increases sur-
vival after left anterior descending coronary artery liga-
tion. The transfer of CD69* Tregs into myocardial infarcted
Cd69~'~ mice induces y8T cell apoptosis and reduces
IL-17A production, increasing survival in mice (Blanco-
Dominguez et al. 2022). Another study demonstrated the
importance of ecto-5'-nucleotidase (CD73), a surface marker
of Tregs, in the resolution of inflammation and cardiac heal-
ing after MI (Zhuang et al. 2022). Hypertension-induced
dysfunctional Tregs play a pathogenic role in the progression
of IR (Sun et al. 2023b). These studies strongly support the
idea that Tregs may be therapeutic targets for cardiac repair
after myocardial infarction.

IL-1 in myocardial infarction

IL-1 is a proinflammatory cytokine. Myocardial cells are
damaged after myocardial infarction. These damaged cells
releasing large amounts of cellular contents, including aden-
osine, extracellular RNA, and IL-1a, which stimulate innate
immune signaling (Chen et al. 2014; Lugrin et al. 2015).
These substances act as DAMPs and bind to Toll-like recep-
tors (TLRs), cytosolic nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs) and the cell surface
receptor for advanced glycation end-products (RAGE) on
the cell surface to activate nuclear factor kb (NF-xB) which
induces inflammasome synthesis (Toldo et al. 2015). This
also activates the transcription and synthesis of cytokines
and chemokines (Zhang et al. 2015). As the sensing com-
ponent of the inflammasome, NLRP3 leads to an intense
inflammatory response and IL-1 activity. There are many
members of the IL-1 family. Thus we will select a few of the

most important and widely studied targets in CVD, including
the IL-1 receptor, the two ligands of IL-1, IL-1a and IL-1,
and its natural inhibitor, IL-1Ra and summarize the recent
findings regarding these targets.

IL-1R, IL-1Ra

The IL-1 receptor family contains ten different but related
gene products. IL-1R1 and the accessory protein IL-1RACP,
play major roles in the inflammatory response. IL-1R2 does
not send signals but plays a role in the isolation of IL-1,
called the “decoy receptor” (Boraschi and Tagliabue 2013).
IL-1 mediated inflammation begins with the binding of
IL-1o or IL-1P to IL-1R1, and subsequently IL-1 receptor
accessory protein (IL-1RAcP) forms a trimer with these pro-
teins (Casadio et al. 2001). In addition, the Toll/interleu-
kin-1 receptor/resistance protein (TIR)-structural domains
on the receptors IL-1R1 and IL-1RACcP exist as heterodi-
mers (Thomas et al. 2012). Subsequently, oligo-TIR recruits
myeloid differentiation primary response gene 88 (MyD88)
to create a receptor complex with high binding affinity, for
which it can recruit downstream signal transduction mol-
ecules (Brikos et al. 2007). The downstream signals gener-
ated can be transmitted via IL-1R kinase (IRAK) (Cao et al.
1996) or through NF-xB, JNK, or p38 MAPK after a series
of phosphorylation reactions or ubiquitination, which further
increases the transcription and translation of inflammatory
mediator genes (Gilmore 1999; Zandi et al. 1998). IL-1R1
is important for the transduction of the IL-1 inflammatory
signaling pathway, and cardiac fibroblast-specific IL-1R1
deficiency reduces adverse cardiac remodeling after myo-
cardial infarction (Bageghni et al. 2019). As a natural endog-
enous antagonist of the IL-1 receptor, IL-1Ra limits exces-
sive inflammation. The balance of IL-1/IL-1 Ra signaling
at the IL-1R1 level regulates cardiac remodeling after MI in
mice (Abbate et al. 2011). Interleukin-1Ra has also recently
been demonstrated to prevent the progression of heart failure
associated with acute pressure overload possibly related to
decreased production of fibrosis mediators and cytokines
(Javan et al. 2022). The use of transplanted autologous hae-
matopoietic stem/progenitor cells (HSPCs) as a source of an
IL-1 receptor antagonist (IL-1Ra) via a lentiviral (LV)-medi-
ated gene transfer strategy for systemic delivery has been
suggested to ensure stable IL-1Ra production, which has
been shown to increase in a variety of models (Colantuoni
et al. 2023). Alternatively, with the aid of biomaterial trans-
portation, subcutaneous injection of agarose hydrogels con-
taining genome-edited Ccl2-IL-1Ra iPSCs showed signifi-
cant therapeutic effects in a model of inflammatory arthritis
(Collins et al. 2023). Applying this technique to diseases
such as coronary heart disease may lead to better therapeutic
results. As a decoy receptor, IL-1R2 binds ligands but does
not elicit an inflammatory response. It prevents the cleavage
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and activity of interleukin- 1o and controls necrosis-induced
sterile inflammation (Zheng et al. 2013). IL-1R2 lacks the
characteristic intracellular TIR structural domain, so this
receptor is unable to initiate downstream signaling upon
interaction with its ligands (Colotta et al. 1993). IL-1R2
and IL-1R1 compete for binding to the ligand, thereby pre-
venting the binding of the proinflammatory cytokines IL-1a
and IL-1p to the receptor (Malinowsky et al. 1998; Re et al.
1996). The soluble receptor (sIL-1R2), which is released
into the bloodstream, also binds pro-IL-1a and pro-IL-1p,
preventing cleavage by the caspase-1 enzyme, and exhibits
anti-inflammatory activity (Smith et al. 2003). Moreover,
studies by scholars have shown that IL-1R2 protects cardio-
myocytes from apoptosis during I/R injury by downregulat-
ing interlcukin-17 receptor A (IL-17RA)/STAT1 signaling
and IL-1R2 was found to be significantly elevated in the
plasma of MI patients. However, knockdown of IL-1R2 in
infarcted mice increases neutrophil and macrophage infiltra-
tion into ischemic areas of the heart (Lin et al. 2022).

IL-1a

In addition to the receptor, two important ligands of the
IL-1 signaling pathway, IL-1a and IL-1f, have received
increasing amounts of attention. IL-1a is a “bifunctional
cytokine” that not only binds to receptors on the cell sur-
face but also translocates to the nucleus through nuclear
localization sequences, thereby affecting gene transcription
(Werman et al. 2004). The precursor of IL-1a is biologi-
cally active and is called membrane IL-1a, especially on
monocytes and B lymphocytes (Kurt-Jones et al. 1985).
IL-1a, which is passively released after cell necrosis acts
as a proinflammatory DAMP (Dinarello 2018). Resident
tissue macrophages respond to IL-1a and produce IL-1f.
Necrotic cardiomyocytes release IL-1a, which can be abol-
ished by IL-1 receptor antagonists and IL-1a-blocking
antibodies. Specifically knocking down IL-1a in a model
of myocardial ischemia—reperfusion significantly reduced
cardiomyocyte inflammation (Lugrin et al. 2015). J. Lugrin’s
study also noted that systemic defects in IL-1a in a myo-
cardial infarction model decreased early myocardial inflam-
mation and the expression of profibrotic genes, and ame-
liorated adverse left ventricular remodeling (Lugrin et al.
2023). Similarly, transgenic mice overexpressing the IL-1a
gene exhibited cardiac hypertrophy and a 1.4- to 2.2-fold
increase in the heart weight-to-body weight ratio (Isoda
et al. 2001). Regarding the mechanism of action of IL-1a,
intravital microscopy revealed that IL-1a mediated leuko-
cyte-endothelial adhesion via IL-1R1 (Schunk et al. 2021).
This finding also indicates why IL-1a can play an important
role in the inflammatory response in MI and has become
an important direction for immunotherapy. However, IL-1a
may also have a positive effect on cardiac remodeling. After
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myocardial infarction, IL-1a in left ventricular fibroblasts
may induce the expression of steroidogenic acute regulatory
protein (StAR/STARDI) in border zone fibroblasts, which
results in antiapoptotic effects. This cellular response that
evolves in response to inflammation may favor improved
cardiac function (Razin et al. 2021). Thus, the role of IL-1a
after MI is complex and multifaceted. Thrombus formation
due to abnormal coagulation can block coronary arteries
leading to myocardial infarction. Recent studies have shown
that IL-1« can also affect thrombosis by reducing the activa-
tion of thrombin inhibitors (Laura et al. 2023). This finding
also revealed that IL-1a acts in both the coagulation and
immune systems to influence CVD.

IL-1p

In addition to IL-1a, IL-1p is currently receiving increased
amounts of attention in CVD. Moreover, the Canakinumab
Anti-inflammatory Thrombosis Outcome Study (CANTOS)
successfully demonstrated that targeting IL-1p effectively
diminishes the inflammatory response in patients with
coronary artery disease and reduces cardiovascular events
(Ridker et al. 2017a). In a recent study, inhibition of IL-1f
or clearance of macrophages was shown to be effective in
improving cardiac function and lowering blood glucose in
mice fed a high-fat diet, which was established as an ani-
mal model of diastolic heart failure (Liu et al. 2023). In
contrast to IL-1a, IL-1f is a regulator of systemic inflam-
mation, and the levels of IL-1p produced by infiltrating
macrophages and circulating monocytes significantly affect
systemic inflammation. The precursor of IL-1p must be pro-
cessed through cysteine asparaginase-1 after activation of
the NLRP3 inflammasome (Dinarello 2018). Thus, activa-
tion of the NLRP3 inflammasome and IL-1f has become
an important target for inflammatory therapy in CVD. It
has also been shown that inhibition of NLRP3 and IL-1§
signaling after MI alleviates fibrosis and improves cardiac
function in mouse models (Gao et al. 2021; Wei et al. 2023).
The production of excess reactive oxygen species is closely
related to IL-1p, and mitochondria, a major site of oxida-
tive stress, have also received increased attention. Z-DNA
binding protein 1 (ZBPN-1) is a pattern recognition recep-
tor that regulates inflammation in response to mitochondrial
DNA (mtDNA) in inflammatory cells and endothelial cells.
ZBP1 has been shown to protect infarcted cardiomyocytes
by reducing mtDNA-induced phosphorylation of inflam-
matory factors such as NF-xB, NLRP3, and IL-1f (Enzan
et al. 2023). A reduction in postinfarction oxidative stress
caused by the inhibition of IL-1p can prevent adverse car-
diac remodeling (Emran et al. 2021). Precise targeting of
mitochondria through the use of nanoparticles has also been
proposed as a possible new therapeutic strategy for the treat-
ment of myocardial IR injury (Ikeda et al. 2021).
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Apart from IL-1p itself, the close relationship between
noncoding RNAs and IL-1f has slowly been explored in
cardiac infarctions. The IncRNA myocardial infarction-
associated transcript (IncRNA MIAT) is a crucial IncRNA
involved in the regulation of CVD. It inhibits the expression
of IL-1p and TNF-a, but it is also inhibited by the NLRP3
inflammasome (Wang et al. 2021). However, findings on
the role of the IncRNA MIAT in atherosclerosis suggest
that its upregulation may exacerbate this damage (Sun et al.
2019). MiR-135b overexpression in mice with heart infarc-
tion significantly preserved impaired cardiac function and
attenuated the upregulation of the NLRP3/Caspase-1/IL-1p
pathway (Li et al. 2020). In addition, miR-132 inhibited
cardiomyocyte apoptosis, thereby improving myocardial
remodeling in MI rats by downregulating IL-1p (Zhao et al.
2020). Furthermore, downregulation of miR-24-3p and
upregulation of IL-1p were negatively correlated in blood
samples from patients with acute myocardial infarction, and
IL-1p promoted the proliferation of hypoxic human umbili-
cal vein endothelial cells by downregulating miR-24-3p
(Huang et al. 2022). These relevant studies revealed the
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Fig. 1 Schematic representation of the main mechanisms of IL-1
action after myocardial infarction. After myocardial injury, cardio-
myocytes release a large amount of cellular contents to act as DAMP,
which will bind to the cell surface Toll-like receptor (TLR), cytoplas-
mic nucleotide-binding oligomerization structural domain-like recep-
tor (NLR), and the cell surface receptor for the cell surface late gly-
cosylation end product (RAGE), as well as IL-1R, in order to activate
the synthesis of nuclear factor kb (NF-kB) that induces the synthesis

!
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relationship between noncoding RNAs and IL-1p in myo-
cardial infarction, and therapeutic means targeting inflam-
matory factors through the perspective of noncoding RNAs
could be a good option in future.

In addition to apoptosis, pyroptosis, which involves
mainly NLRP3, caspase-1, IL-1f, and gasdermin-D, has
received much attention in CVD research (Zhaolin et al.
2019). Pyroptosis also plays an important role in this pro-
cess (Zhaolin et al. 2019). The relevant information is sum-
marized in Fig. 1. Pyroptosis is characterized by the acti-
vation of NLRP3. Caspase-1 recognizes inactive IL-f and
IL-18 precursors and converts them to mature inflammatory
cytokines. These subsequently cleave GSDMD and mediate
membrane pore formation, leading to rapid disruption of
the plasma membrane followed by the release of cellular
contents and proinflammatory mediators (Lacey et al. 2018;
Wang et al. 2019c¢). This has resulted in the study of an
increasing number of drugs targeting cellular pyroptosis in
myocardial infarction (Ding et al. 2023; Li et al. 2023b; Peng
et al. 2023). The inhibition of NLRP3 inflammasome activa-
tion is also emerging as an important means of inhibiting the
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of inflammatory vesicles, and the activated caspase-1 will shear pro-
IL-1p and pro-IL-18. Inflammasome formation, activated caspase-1
will shear pro-IL-18 and pro-IL-18 to form mature bodies after
release through the GSDMD pore to induce inflammatory pyroptosis,
and released IL1f will also continue to induce downstream inflamma-
tory responses. Adapted from “FullTemplateName”, by BioRender.
com (CurrentYear). Retrieved from https://app.biorender.com/biore
nder-templates
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occurrence of cellular pyroptosis after myocardial infarction,
with some noncoding RNAs or herbs demonstrating better
potential. For example, the IncRNA FAF attenuates hypoxia/
ischemia-induced focal death via the miR-185-5p/PAK2
axis in cardiomyocytes, and Qishen granule and piperazine
ferulate exert cardioprotective effects by inhibiting NLRP3
inflammatory vesicles and cellular focal death in myocardial
infarction (Chen et al. 2022; Gu et al. 2022; Lei et al. 2022).
In conclusion, the onset of pyroptosis is accompanied by an
inflammatory response, and the activation of the NLRP3
inflammasome and the release of mature IL-1f amplifies
the inflammatory cascade. Thus, how to target the IL-1f or
NLRP3 inflammasome will become a new key point in the
treatment of myocardial infarction. Sympathetic overacti-
vation also plays an important role in cardiac remodeling
after myocardial infarction, and the production of IL-1f and
other inflammatory factors is also closely related to sym-
pathetic activation (Lyu et al. 2020). Taurine diminished
cardiac sympathetic innervation by modulating NLRP3
inflammasome/IL-1p-dependent pathways in a rat model of
myocardial infarction (Lee et al. 2021). Cysteinyl asparagi-
nase-1 acts as a shearing tool for IL-1f precursors, by inhib-
iting the activity of this enzyme, facilitating the reduction
of IL-1p production, and upregulating intercellular linking
proteins in cardiomyocytes to improve communication and
thus protect the myocardium (Su et al. 2022). In addition,
some observational clinical studies have demonstrated asso-
ciations between the levels of NLRP3 and IL-1f and the risk
of coronary heart disease (Guo et al. 2023; Mooney et al.
2022; Opstad et al. 2022; Pan et al. 2022).

Randomized clinical trials with IL-1
inhibitors

The role of the IL-1 family in CVD has been studied by a
large number of researchers. Different kinds of drugs target-
ing IL-1, whether chemical drugs or monoclonal antibodies,
have been studied in basic or clinical studies on CVD. These
drugs inhibit IL-1 and its receptor, thus affecting the abil-
ity of the IL-1 signaling pathway to treat relevant diseases.
The mechanism of action of drugs targeting IL-1 is shown
in Fig. 1 (Table 1).

Anakinra

Anakinra is a recombinant human interleukin receptor
antagonist that antagonizes both IL-1a and IL-1p (Aksen-
tijevich and Kastner 2011). Anakinra is currently approved
primarily for the treatment of rheumatic diseases (Ramirez
and Caiiete 2018). However, it has also been used in many
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clinical studies or basic experiments on CVD. In 2014,
a phase II, double-blind, randomized, placebo-controlled
study enrolled patients with non-ST-segment elevation
myocardial infarction treated with daily subcutaneous
injections of an IL-1 receptor antagonist or placebo for
14 days. At the end of treatment on day 14, the levels
of high-sensitivity c-reactive protein (hsCRP) and IL-6
were significantly lower in the treatment group than in the
placebo group. In contrast, 16 days after treatment was
stopped (day 30), the treatment group’s high-sensitivity
c-reactive protein levels were again elevated (Morton et al.
2015). After that, anakinra was also used in a clinical trial
in patients with ST-segment elevation myocardial infarc-
tion. Patients treated with anakinra had significantly lower
hsCRP areas under the curve, at month 12 had a signifi-
cantly lower incidence of new heart failure or rates of heart
failure death and hospitalization in the anakinra group but
there was no difference in the incidence of serious infec-
tions between the anakinra and placebo groups (Abbate
et al. 2020). There are also clinical trial demonstrating the
ability of anakinra to reduce total white blood cell counts
and neutrophil counts in patients with ST-segment eleva-
tion acute myocardial infarction (Del Buono et al. 2022b).
These findings provide evidence for the anti-inflammatory
clinical effects of anakinra. A recent study to determine
whether the duration of treatment with PCI affects the effi-
cacy of anakinra on the incidence of systemic inflamma-
tion and heart failure in patients with ST-segment elevation
myocardial infarction (STEMI) was conducted. The results
suggested that IL-1 blockade with anakinra reduced the
acute systemic inflammatory response and prevented heart
failure independent of treatment duration (Del Buono et al.
2023). In addition, whether the site of myocardial infarc-
tion influenced the effects of anakinra was also examined,
and the results showed that anakinra was able to reduce
the number of heart failure events regardless of anterior or
nonanterior wall myocardial infarction (Del Buono et al.
2022a). The use of the IL-1 receptor antagonist anakinra
also helps to combat postinfarction arrhythmias by inhib-
iting sympathetic sprouting after myocardial infarction,
contributing to neural and cardiac remodeling (Yin et al.
2017). With IL-1 blocker medications, the risk of infec-
tion has been a key element of concern for clinicians.
One meta-analysis that included three early randomized
clinical trials with endpoints including all-cause mortality
and new-onset heart failure also documented safety events
involving injection-site reactions and serious infections,
with injection-site reactions being significantly greater in
patients treated with anakinra, and there was no significant
difference in the incidence of serious infections (Abbate
et al. 2022). This finding may provide strong evidence for
the use of anakinra in the clinic, although more research
is needed to support its use (Fig. 2).
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Fig.2 The mechanism of action of drugs targeting IL-1. Binding of
IL-1o or IL-1p to IL-1R1 can bind to IL-1RAcP to form a trimer
thereby recruiting Myd88 and delivering downstream signals, for
example, through the NF-kB signaling pathway. Anakinra can com-
pete with IL-1 R1 for binding to IL-1a or IL-1p; Bermekimab can
bind to IL-la preventing IL-la from binding to IL-1 R1; When
Canakinumab binds to IL-1pB, its Fab fragment overlaps with the

Rilonacept

Rilonacept is a subcutaneously injectable soluble fusion
protein consisting of the ligand-binding domain of the
extracellular portion of IL-1 receptor 1 and IL-1 receptor
accessory proteins, which acts as a receptor that binds to
IL-1a and IL-1P to inhibit IL-1 signaling. The drug was
previously approved for use in clinical trials for Cryptococ-
cal Associated Periodic Syndrome (CAPS) and with chronic
gouty arthritis, and was recently approved by the FDA for
the treatment of recurrent pericarditis based on the results of
a pivotal Phase 3 clinical trial. (Klein et al. 2021; Landmann
and Walker 2017; Terkeltaub et al. 2009). Compared with
placebo, rilonacept provided rapid alleviation of recurrent
pericarditis episodes and a significant reduction in the risk of
pericarditis recurrence. However, the most common adverse
events associated with rilonacept injections were injection-
site reactions and upper respiratory tract infections, but gen-
erally no deaths or serious adverse events occurred (Presti
et al. 2021). Rilonacept is still mainly used for the treatment

Proliferation

DI region of IL-1 R1, preventing IL-1p from binding to IL-1 R1;
Gevokizumab reduces the complex’s ability to bind to IL-1 Racp and
IL-1 R1 affinity. The two arms of rilonacept are formed by the extra-
cellular regions of IL-1 R1 and IL-1 Racp thereby capturing IL-1.
Adapted from “FullTemplateName”, by BioRender.com (Current-
Year). Retrieved from https://app.biorender.com/biorender-temp

of other chronic inflammatory diseases such as rheumatic
diseases, with less research related to coronary atheroscle-
rotic heart disease. However, it should receive more attention
from scholars because of its promising therapeutic effects in
chronic inflammatory diseases. In addition, as an IL-1 recep-
tor inhibitor, its effect in combination with anakinra should
receive more interest.

Canakinumab

Canakinumab, a monoclonal antibody against IL-1f that
blocks IL-1p signaling by binding to IL-1p, where the Fab
fragment of the monoclonal antibody significantly overlaps
with the D1 region of IL-1R1. Thus, prevents IL-1p from
binding to the receptor again (Blech et al. 2013). In a ran-
domized, double-blind trial involving 10,061 patients with
prior myocardial infarction and high-sensitivity C-reac-
tive protein levels of 2 mg/L or higher, different doses of
canakinumab were administered subcutaneously, with
the primary efficacy endpoints being nonfatal myocardial
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infarction, nonfatal stroke, or cardiovascular death. The
results showed that a dose of canakinumab of 150 mg every
3 months resulted in a significant reduction in the recurrence
of cardiovascular events, unrelated to a reduction in lipid
levels. However, patients treated with canakinumab had a
markedly higher number of deaths attributable to infection
or sepsis than the placebo group, and those who died from
infection tended to be older and more likely to have diabetes
than patients who did not die from infection. Six confirmed
cases of tuberculosis occurred throughout the trial period
(Ridker et al. 2017a, 2018). This finding also provides strong
evidence for the inflammation hypothesis in atherosclerosis,
and the feasibility of targeting IL-1 in CVD has been sup-
ported. Surprisingly, in this study, it was found that canaki-
numab may also have some therapeutic effect on cancer,
and that canakinumab treatment targeting the interleukin-1
innate immune pathway has the potential to significantly
reduce lung cancer and lung cancer-mortality rates (Rid-
ker et al. 2017b). Related possible mechanisms have also
been summarized by scholars (Garon et al. 2020). In another
study, 30 patients with previous myocardial infarction with
high-sensitivity C-reactive protein>2 mg/l and a left ven-
tricular ejection fraction (LVEF) < 50% were enrolled. The
LVEF increased from 38% (33-43) to 44% (38-52) after
12 months of treatment with canakinumab. Moreover, the
patients’ change in peak-oxygen consumption (VO2) also
improved. This clinical trial also provides strong evidence
that heart failure caused by coronary atherosclerotic heart
disease (CHD) can be prevented by targeting IL-1p (Trankle
et al. 2018). Some new mechanistic possibilities have also
been identified in experimental animal studies through the
use of analogs of canakinumab, where treatments target-
ing the NLRP3 inflammasome and IL-1p reduced leukocyte
recruitment in the blood of atherosclerotic aortas, possibly
by reducing the proliferation of bone marrow hematopoietic
stem and progenitor cells (Hettwer et al. 2022). Combining
statins with canakinumab for coadministration in the clinic
achieved better outcomes, and dual therapy by lowering
lipids and inflammation may provide additional benefits for
patients with myocardial infarction and diabetes (Liberale
et al. 2019). The success of the canakinumab trial provides
promising evidence for targeting residual inflammatory
risk in CVD, where IL-1p is an important inflammatory
cytokine, and treatments for myocardial infarction will be
effective.

Gevokizumab

Gevokizumab is another monoclonal antibody targeting
IL-1p that works in a slightly different way than canaki-
numab, mainly by reducing the affinity of IL-1 for the signal-
ing complex formed by IL-1R1and IL-1RACcP (Blech et al.
2013). Gevokizumab was first used in animal experiments to

@ Springer

alleviate insulin resistance and treat diabetes mellitus (Handa
et al. 2013; Owyang et al. 2010). These animal experimen-
tal results demonstrated that gevokizumab can effectively
neutralize cytokine-mediated insulin resistance in adipose
tissue. In addition, gevokizumab has also been subjected
to a number of relevant animal experiment involving the
establishment of a model of myocardial ischemia-reperfu-
sion followed by the administration of gevokizumab, which
was found to reduce the direct negative inotropic effects
of IL-1p, oxidative stress in the left ventricle, as well as
reduced inflammation and infarct size (Harouki et al. 2017).
In addition, the use of gevokizumab reduces the levels of
IL-1p and nerve growth factor in the paraventricular nucleus
of animals with myocardial infarction. This attenuated sym-
pathetic over-innervation after myocardial infarction and
prevented arrhythmias (Wang et al. 2019a, b). Recently,
more numerous clinical trials conducted with gevokizumab
are centered on Behcet’s syndrome and cancer. However,
clinical studies of antibodies in relation to myocardial infarc-
tion have not yet been reported, and most of them remain in
animal experiments, with clinical effects to be further veri-
fied (Bettiol et al. 2019; Diwanji et al. 2023).

Bermekimab

Bermekimab is a monoclonal antibody targeting IL-1a that
is currently being studied primarily for the treatment of
pyogenic sweating infections. Despite a history of anti-TNF
therapy, bermekimab has demonstrated good therapeutic
effects (Gottlieb et al. 2020). Moreover, the use of this drug
has been shown to reduce inflammation and pain. There is
no current use of bermekimab in cardiac disease, but there
is a randomized phase II trial to examine restenosis of the
superficial femoral artery in patients after percutaneous
revascularization. The administration of anti-IL- 1o antibody
immediately after revascularization tended to decrease the
incidence of restenosis at the 3-month follow-up. However,
there was no difference at 12 months, and adverse events did
not differ between the two groups, some adverse events were
observed in both groups (El Sayed et al. 2016). In addition,
bermekimab has been studied for the treatment of cancer
(Kurzrock et al. 2019) and could be considered for use in
experiments involving myocardial infarction or atherosclero-
sis in future, where drugs targeting IL-1a have been studied
for the treatment of CVD (Tissot et al. 2013).

Conclusion and perspective

Inflammatory mechanisms in CVD have been exten-
sively studied, and therapies targeting inflammation have
shown potential in the treatment of myocardial infarction
in both animal and clinical trials. Various immune cells
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play important roles and are inextricably linked, and IL-1,
an important innate immune factor, has an unique role
in this regard. The IL-1 signaling pathway serves as an
important initiator and facilitator of inflammation in CVD,
and the two ligands, IL-1a and IL-1f, amplify a series
of downstream inflammatory cascades through activation
of the two ligands by binding to their receptor, IL-1R1.
Relevant evidence is also supported by numerous clini-
cal trials. Although targeting IL-1 for the treatment of
myocardial infarction may have the undesirable conse-
quence of increasing the risk of infection, the mechanism
of action is not clear. Moreover, many clinical trials have
demonstrated that IL-1 drugs can reduce the decrease in
inflammatory markers such as CRP in the body. However,
they also increase the reaction at the injection site and
increase the risk of infection in the body. Effective resolu-
tion of this issue will expand the prospects for the use of
IL-1-targeted drugs in CVD treatment and even in tumor
immunotherapy.

The results of current clinical trials have provided more
support for targeting IL-1 for the treatment of myocardial
infarction. Both chemical drugs and monoclonal antibod-
ies have certain effects on reducing cardiovascular events,
so targeting IL-1 has a certain future for the treatment of
myocardial infarction. The development of novel drugs,
such as therapeutic vaccines, nanoparticles in combination
with monoclonal antibodies, and hydrogels carrying chem-
ical drugs via local injection and other methods to achieve
local reactions, should be considered to avoid systemic
adverse effects. These methods deserve more exploration
in future and have broad prospects. The rational applica-
tion and improvement of these drugs will provide a new
direction for the anti-inflammatory treatment of myocar-
dial infarction in future.
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